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A B S T R A C T   

Objective: We sought to review the literature on cerebrospinal fluid (CSF) testing in patients with COVID-19 for 
evidence of viral neuroinvasion by SARS-CoV-2. 
Methods: We performed a systematic review of Medline and Embase between December 1, 2019 and November 
18, 2020 to identify case reports or series of patients who had COVID-19 diagnosed based on positive SARS-CoV- 
2 polymerase chain reaction (PCR) or serologic testing and had CSF testing due to a neurologic symptom. 
Results: We identified 242 relevant documents which included 430 patients with COVID-19 who had acute 
neurological symptoms prompting CSF testing. Of those, 321 (75%) patients had symptoms that localized to the 
central nervous system (CNS). Of 304 patients whose CSF was tested for SARS-CoV-2 PCR, there were 17 (6%) 
whose test was positive, all of whom had symptoms that localized to the central nervous system (CNS). The 
majority (13/17, 76%) of these patients were admitted to the hospital because of neurological symptoms. Of 58 
patients whose CSF was tested for SARS-CoV-2 antibody, 7 (12%) had positive antibodies with evidence of 
intrathecal synthesis, all of whom had symptoms that localized to the CNS. Of 132 patients who had oligoclonal 
bands evaluated, 3 (2%) had evidence of intrathecal antibody synthesis. Of 77 patients tested for autoimmune 
antibodies in the CSF, 4 (5%) had positive findings. 
Conclusion: Detection of SARS-CoV-2 in CSF via PCR or evaluation for intrathecal antibody synthesis appears to 
be rare. Most neurological complications associated with SARS- CoV-2 are unlikely to be related to direct viral 
neuroinvasion.   

1. Introduction 

Although viruses commonly infect the respiratory tract, zoonoses, 
which present in animals and then cross the species barrier into humans, 
have the ability to adapt to new environments, including the central 
nervous system (CNS) [1]. The most prevalent viruses that infect the 
CNS are herpesviruses, arboviruses and enteroviruses. The potential for 
viral neuroinvasion has also been documented in human, mouse and 
porcine coronaviruses (SARS-CoV, MERS-CoV, HcoV-229E, HcoV-OC43, 
MHV and porcine HEV) [1–3]. The mechanism for viral entry into the 
CNS has been postulated to be through the olfactory nerve, retrograde 
transmission via other cranial or peripheral nerves (such as the tri
geminal nerve, which has nociceptive cells in the nasal cavity, or the 
vagus nerve, which innervates the respiratory and the gastrointestinal 

tracts), hematogenous spread, lymphatic spread or entry via the choroid 
plexus [1–4]. Viral neuroinvasion can have acute consequences (such as 
viral encephalitis), subacute consequences (such as post-infectious acute 
disseminated encephalomyelitis) or delayed consequences (such as 
subacute sclerosing panencephalitis, which can present 6–10 years after 
initial viral infection), and while no specific virus is considered the 
causal agent for neurodegenerative diseases, herpesviruses have been 
associated with Alzheimer’s disease and multiple sclerosis [1,3]. Viruses 
can also induce neurological sequelae indirectly due to hypoxic- 
ischemic injury, stroke, toxic-metabolic changes, cytokine storming or 
through molecular mimicry against neuronal, glial or peripheral nerve 
cells [4–10]. 

Although there have been multiple publications about neurological 
symptoms associated with SARS-CoV-2, the novel coronavirus 
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responsible for COVID-19, there is a need for a summary of the literature 
on cerebrospinal fluid (CSF) testing for SARS-CoV-2 detection via po
lymerase chain reaction (PCR) assay, evaluation for intrathecal SARS- 
CoV-2 antibodies and measurement of CSF biomarkers of inflamma
tion and neuronal injury. We sought to review CSF results in patients 
with COVID-19 who had acute neurological symptoms to evaluate for 
evidence of neuroinvasion. 

2. Methods 

To identify documents that included CSF results from patients with 
COVID-19, we searched Medline and Embase using the population 
search terms “COVID-19” or “SARS-CoV-2” and the intervention search 
terms “cerebrospinal fluid” or “csf” or “spinal puncture” or “spinal tap” 
or “lumbar puncture” or “meningitis” or “encephalitis” or “encephalo
myelitis” or “seizure” or “encephalopathy” or “myelitis” or “Guillain 

Fig. 1. Document selection.  

Fig. 2. Primary neurological symptom prompting evaluation of cerebrospinal fluid.  
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Barre” or “polyradiculitis” or “Miller Fisher.” The search period included 
documents published between December 1, 2019 and November 18, 
2020. After removal of duplicates, two board-certified neurointensivists 
(AL and KM) independently screened references using Covidence Sys
tematic Review Software and performed full-text review to identify 
documents that provided details on at least one unique patient with 
COVID-19 diagnosed based on positive SARS-CoV-2 PCR or serologic 
testing who had a neurological symptom and CSF testing [11]. Docu
ments were excluded if they did not present clinical data on an original 
patient with COVID-19 diagnosed via positive SARS-CoV-2 PCR or 
serologic testing who had a neurological symptom, did not include any 
CSF results, described a patient with another acute neurological diag
nosis that could potentially impact CSF results (such as subarachnoid 
hemorrhage or another intracranial infection) or were not in English. 
Additional documents were identified based on review of the reference 
lists in screened documents, ultimately resulting in inclusion of 242 
documents. This search was performed in accordance with PRISMA 
guidelines (Fig. 1) [12]. Cases were reviewed and organized based on 
localization of neurological symptoms and CSF findings. All laboratory 
test results were converted to a common unit to facilitate comparison. 

3. Results 

After review of the 242 documents, we identified 430 patients with 
COVID-19 diagnosed based on PCR or serologic testing who had acute 
neurological symptoms prompting CSF testing [5–10,13–246]. The pa
tients ranged in age from 40-weeks+3-days gestational age to 96-years- 
old and lived on all six continents. There were 321 (75%) patients with 
symptoms that localized to the CNS and 109 (25%) patients with 
symptoms that localized to the peripheral nervous system (PNS; Sup
plemental Tables 1 and 2). The most common primary neurological 
symptoms that precipitated CSF testing was encephalopathy/coma (242, 
56%; Fig. 2). 

3.1. CSF pleocytosis 

Although the CSF RBC count was only reported for 61/430 (14%) 
patients [22,28,29,31,35,39,40,44,73,74,77,78,81,89,92,102,110,118, 
120–123,128,133,134,138–140,156,165,166,172–176,180,184,188, 

191,192,198,202,204,208,215,220,225,227,233,241,242,246], the CSF 
white blood cell (WBC) count was provided for 409/430 (95%) patients, 
270 (66%) of whom had >0 cells/μL, >1 WBC:1,000 RBC or were noted 
to have “pleocytosis” (Fig. 3) [5–8,10,13,15–20,22–29,31–36,38–40, 
42–48,50–95,98–150] [151–168,170–187,190–195,197–211,213–216, 
218–225,227,229–236,238–246]. CSF pleocytosis may be indicative of 
infection, inflammation or other CNS injury [247]. There were 29/409 
patients (7%) who had a CSF WBC count of 21–100 cells/μL, all of whom 
had symptoms that localized to the CNS; 10 (34%) of these patients had 
CSF RBC counts provided, all of whom had a CSF RBC count of <300 
cells/μL; Naz et al. described a patient with headache and indicated that 
CSF was consistent with viral meningitis, but the CSF WBC count was 
unclear, as it was noted that he had 90 lymphocytes and 10 neutrophils 
(no units provided so we were unsure if these were percentages or 
numbers of cells), so we classified these findings as “increased WBC.” 
[10,27–29,44,75,79,127–129,140,145,154,160,161,170,173,183,184, 
187,198,205,208,216] 

The CSF WBC count was >100 cells/μL for 8/409 patients (2%). 
Although Abdel-Mannan et al. noted that two patients with encepha
lopathy had a CSF WBC count of 8,000 cells/μL and 2,000 cells/μL in a 
table, they indicated in the text that CSF was acellular; we attempted to 
reach the authors for clarification, but were unsuccessful, so we classi
fied these two patients as having “normal WBC”) 
[31,75,127,130,171,199,222,241,245]. Mardani et al. reported a 64- 
year-old woman with encephalopathy who had a CSF WBC count of 
1,920 cells/μL with neutrophilic predominance and was found to have a 
positive CSF SARS-CoV-2 PCR [199]. Similarly, Yousefi et al. described a 
9-year-old girl who presented with headache and had a CSF WBC count 
of 1,870 cells/μL with neutrophilic predominance and a CSF RBC count 
of 350 cells/μL who was found to have a positive CSF SARS-CoV-2 PCR 
[241]. These patients are discussed further below. Rebeiz et al. pre
sented a patient with encephalopathy and fever with no respiratory 
symptoms who had a CSF WBC count of 350 cells/μL (98% mononuclear 
cells; CSF RBC count not provided) [222]. CSF SARS-CoV-2 PCR was not 
performed, but he had a progressively worsening leukoencephalopathy 
over 49 days, then was declared brain dead. Benameur et al. described a 
31-year-old woman who had a lumbar puncture due to persistent coma 
after discontinuation of sedation and was found to have a CSF WBC 
count of 115 cells/μL with a CSF RBC count of 7,374 cells/μL [31]. She 

Fig. 3. Cerebrospinal fluid white blood cell count results.  
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had a negative CSF SARS-CoV-2 PCR, but a positive CSF SARS-CoV-2 
antibody, though no testing was done to distinguish intrathecal anti
body synthesis from antibody transmission to the CSF due to breakdown 
of the blood-brain barrier. Imaging showed diffusion changes and edema 
in the right hemisphere and edema in the cervical cord. Sarma et al. 
reported a 28-year-old woman with decreased sensation below the fifth 
thoracic vertebral level, but preserved strength, whose spine imaging 
showed “widespread elongated signal changes throughout the spinal 
cord to the conus medullaris and involving the medulla,” who had a CSF 
WBC count of 125 cells/μL (CSF RBC count was not reported) and 
“negative antibodies.” [75] Bellon et al. presented a 60-year-old man 
with a “meningeal syndrome” who had a CSF WBC count of 2,840 cells/ 
μL; CSF SARS-CoV-2 PCR was negative and CSF protein was 460 mg/dL, 
but no additional data was provided [127]. Zoghi et al. reported a 21- 
year-old man who presented with quadriparesis and encephalopathy 2 
weeks after onset of cough and sore throat and was found to have a CSF 
WBC count of 150 cells/μL (60% lymphocytes) which increased 3 days 
later to 250 cells/μL (60% lymphocytes; no CSF RBC count reported) 
[245]. Imaging revealed a hyperintense lesion in the spinal cord 
extending >3 segments and bilateral corticospinal tract hyperintensities 
in the pons and corpus callosum. CSF SARS-CoV-2 PCR, oligoclonal 
bands, aquaporin-4 antibodies and myelin oligodendrocyte glycoprotein 
were all negative. Lastly, Guilmot et al. reported a patient who had 
polyradiculitis involving the cranial nerves and cauda equina 10 days 
after onset of cough and fever and had a CSF WBC count of 101 cells/μL 
(CSF RBC count was not reported) [171]. CSF SARS-CoV-2 PCR was 
negative, CSF protein was normal and oligoclonal bands were matched. 
Repeat lumbar puncture 12 days later showed improved pleocytosis 
(WBC count 28 cells/μL). 

Of 14 other patients who had quantitative results for CSF WBC count 
reported on more than one lumbar puncture, it was unchanged for 2/14 
(14%) patients (both ≤6 cells/μL), decreased for 6/14 (43%) patients 
and increased for 6/14 (43%) patients 
[10,45,51,74,77,78,170,180,184,188,205,218,220,233,246]. The pa
tients whose CSF WBC count increased included 1) a patient with 
quadriplegia due to Guillain-Barré Syndrome reported by Toscano et al. 
(0 cells/μL➔4 cells/μL 10 days later), 2) a patient with transverse 
myelitis reported by Munz et al. (16 cells/μL➔27 cells/μL after an un
specified timeframe), 3) a patient with encephalopathy for 11 days who 
had normal intracranial imaging reported by Pilotto et al. (18 cells/ 

μL➔38 cells/μL 10 days later), 4) a patient with transverse myelitis re
ported by Zachariadis et al. (16 cells/μL (92% lymphocytes)➔36 cells/ 
μL (94% lymphocytes) and 5) a patient with a leukoencephalopathy 45 
days after diagnosis of COVID-19 by nasopharyngeal SARS-CoV-2 PCR 
(WBC count 1 cell/μL with RBC count 0 cells/μL➔WBC count 2 cells/μL 
with RBC count 51 cells/μL 1 week later) reported by Carroll et al. 
[10,45,51,78,220] 

3.2. CSF protein 

The protein was included in the CSF results for 397/430 (92%) pa
tients, 160/397 (40%) of whom were noted to have “increased protein” 
or protein >60 mg/dL (Fig. 4) [5–10,13–25,27–36,38–40,42–48, 
50–92,94–131,133–136,138–156,158,160–174,176–195,197–211, 
213–216,218–222,224,225,227–246]. Hyperproteinorrachia can be 
indicative of the presence of inflammation or axonal injury and may 
reflect the existence of intrathecal antibodies [248]. Although Abdel- 
Mannan et al. indicated in the text of their report that CSF for two pa
tients with encephalopathy had normal protein, their table indicated 
that the CSF protein was 2.0 g/L (200 mg/dL) and 1.9 g/L (190 mg/dL); 
we attempted to reach the authors for clarification, but were unsuc
cessful, so we classified these two patients as having CSF protein 
151–200 mg/dL [130]. Similarly, Demirci Otluoglu et al. noted CSF 
protein was 0.4 mg/L (0.04 mg/dL) and Dharsandiya et al. indicated the 
CSF protein was 39 g/dL (3,900 mg/dL), but described the protein as 
normal, and Matos et al. reported a CSF protein of 0.78 mg/dL, but noted 
it was mildly elevated; we presumed these were meant to be 0.4g/L (40 
mg/dL), 39 mg/dL, and 78 mg/dL, respectively [150,151,200]. There 
were 28/397 (7%) patients who had CSF protein >200 mg/dL (20/28 
(71%) with symptoms that localized to the CNS and 8/28 (29%) with 
symptoms that localized to the PNS) [16,21,31,32,34,44,53,58, 
78,81,89,104,113,127,128,160,170,173,176,184,199,220–222,245]. 

There were 5 patients with CSF protein > 1,000 mg/dL 
[53,128,176,199]. The aforementioned patient with encephalopathy, a 
CSF WBC count of 1,920 cells/μL and a positive SARS-CoV-2 PCR re
ported by Mardani et al., who is discussed further below, had a CSF 
protein of 9,480 mg/dL [199]. Bodro et al. reported two patients who 
had fever and a few days of encephalopathy that self-resolved and 
normal neuroimaging whose lumbar punctures revealed CSF protein of 
1,055 mg/dL and 1,155 mg/dL [128]. Both patients had a lymphocytic 

Fig. 4. Cerebrospinal fluid protein.  
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Table 1 
Cerebrospinal fluid testing for evidence of SARS-CoV-2.  

Test Central nervous system (n=321) Peripheral nervous system (n=109) 

Number 
of 
patients 
tested 

Number of patients with 
evidence of intrathecal 
virus or intrathecal 
antibody production n 
(%) 

Notes Number 
of 
patients 
tested 

Number of patients with 
evidence of intrathecal 
virus or intrathecal 
antibody production n (%) 

Notes 

SARS-CoV-2 PCR 238 17 (7%) Positive  • 17 patients had a positive CSF SARS-CoV-2 PCR 
[26–29,150,153,164,180,184,195,199,204,224,225,227,236,238,241] 

65 0 Positive/Indeterminate  

3 (1%) Indeterminate  • 3 patients had an indeterminate CSF SARS-CoV-2 PCR (Ct value 37-40) followed by a 
negative CSF SARS-CoV-2 PCR [157] 

SARS-CoV-2 
Antibodies 

49 7 (14%) Positive SARS- 
CoV-2 Antibodies with 
Evidence of Intrathecal 
Antibody Synthesis  

• 6 patients had positive SARS-CoV-2 antibodies with a unique epitope (as compared 
with plasma antibodies) targeting the spike protein region 552-589 [231]  

• 1 patient had positive SARS-CoV-2 antibodies and IgG index 1.85 indicating some 
intrathecal synthesis (authors indicated threshold to identify intrathecal synthesis was 
IgG index >1) [25] 

9 0 Positive SARS-CoV-2 
Antibodies with Evidence 
of Intrathecal Antibody 
Synthesis  

7 (14%) Positive SARS- 
CoV-2 Antibodies but 
Indeterminate if there 
was Intrathecal Antibody 
Synthesis 

• 6 patients had positive SARS-CoV-2 antibodies but no evaluation to distinguish intra
thecal synthesis from transudation [31,197,224,237]  

• 1 patient had CSF that was “reactive to SARS-CoV-2 antibody” but had no evaluation for 
intrathecal antibody synthesis [209] 

3 (33%) Positive SARS- 
CoV-2 Antibodies but 
Indeterminate if there was 
Intrathecal Antibody 
Synthesis  

• 3 patients had positive SARS- 
CoV-2 antibodies but had no 
evaluation to distinguish intra
thecal synthesis from transuda
tion [6,46,98,224] 

23 (47%) Positive SARS- 
CoV-2 Antibodies with 
no Evidence of 
Intrathecal Antibody 
Synthesis  

• 13 patients had a CSF:serum SARS-CoV-2 IgG index <2 (authors indicated threshold to 
identify intrathecal synthesis was CSF:serum SARS-CoV-2 IgG index>2) [127]  

• 7 patients had IgG index <0.77 (authors indicated threshold to identify intrathecal 
synthesis was >0.77) [25]  

• 2 patients had no evidence of intrathecal synthesis based on the Tibbling-Dink, Delpech 
and transudation indices [43]  

• 1 patient had negative oligoclonal bands and a normal IgG index [193] 

2 (22%) Positive SARS- 
CoV-2 Antibodies with no 
Evidence of Intrathecal 
Antibody Synthesis  

• 1 patient had a CSF:serum SARS- 
CoV-2 IgG index <2 (authors 
indicated threshold to identify 
intrathecal synthesis was CSF: 
serum SARS-CoV-2 IgG index>2) 
[127]  

• 1 patient had a SARS-CoV-2 IgG 
and IgA:blood antibody level<1, 
negative oligoclonal bands and 
no evidence of synthesis in the 
Reiber diagram [119] 

Oligoclonal Bands 119 2 (2%) Positive 
Oligoclonal Bands with 
Evidence of Intrathecal 
Antibody Synthesis  

• 1 patient who had a positive CSF SARS-CoV-2 PCR was noted to have high intrathecal 
oligoclonal IgG synthesis (13.2 mg/dL; reported normal <3.4 mg/dL) [238]  

• 1 patient had CSF specific oligoclonal bands and anti-Caspr2 antibodies in CSF and 
serum [171] 

13 1 (8%) Positive Oligoclonal 
Bands with Evidence of 
Intrathecal Antibody 
Synthesis  

• 1 patient had type 2 (unmatched) 
oligoclonal bands consistent with 
intrathecal synthesis [101] 

3 (3%) Positive 
Oligoclonal Bands but 
Indeterminate if there 
was Intrathecal Antibody 
Synthesis  

• 1 patient who had a positive CSF SARS-CoV-2 PCR had positive oligoclonal bands with 
no comment on whether they were matched or unmatched [236]  

• 2 patients who had positive oligoclonal bands with no comment on whether they were 
matched or unmatched [154,212] 

0 Positive Oligoclonal 
Bands but Indeterminate if 
there was Intrathecal 
Antibody Synthesis  

42 (35%) Positive 
Oligoclonal Bands with 
no Evidence of 
Intrathecal Antibody 
Synthesis 

• 1 patient who had a positive CSF SARS-CoV-2 PCR had matched CSF and serum oli
goclonal bands consistent with blood-brain barrier breakdown [27]  

• 10 patients who had positive CSF SARS-CoV-2 antibodies had matched CSF and serum 
oligoclonal bands consistent with blood-brain barrier breakdown [127]  

• 31 patients had matched CSF and serum oligoclonal bands consistent with blood-brain 
barrier breakdown [35,79,112,127,147,170,171,177,182,185,187,205,207,213,215] 

4 (31%) Positive 
Oligoclonal Bands with no 
Evidence of Intrathecal 
Antibody Synthesis  

• 4 patients had matched CSF and 
serum oligoclonal bands 
consistent with blood-brain bar
rier breakdown [9,127,171] 

Immunoglobulins 53 3 (6%) Immunoglobulin 
Results Consistent with 
Intrathecal Antibody 
Synthesis  

• 1 patient had positive SARS-CoV-2 antibodies and IgG index 1.85 indicating some 
intrathecal synthesis (authors indicated threshold to identify intrathecal synthesis was 
IgG index >1; as noted above) [25]  

• 1 patient with positive SARS-CoV-2 PCR had elevated CSF:serum IgG (4.48; reported 
normal 0.82-3.26) indicative of intrathecal synethesis though CSF:serum albumin ratio 

9 1 (11%) Immunoglobulin 
Results Consistent with 
Intrathecal Antibody 
Synthesis  

• 1 patient had elevated IgG index 
(14.67; reported normal <0.86) 
and IgG synthesis (293.5 mg/ 
day; reported normal 9.2 mg/ 
day) with normal albumin 

(continued on next page) 

A
. Lew

is et al.                                                                                                                                                                                                                                   



JournaloftheNeurologicalSciences421(2021)117316

6

Table 1 (continued ) 

Test Central nervous system (n=321) Peripheral nervous system (n=109) 

Number 
of 
patients 
tested 

Number of patients with 
evidence of intrathecal 
virus or intrathecal 
antibody production n 
(%) 

Notes Number 
of 
patients 
tested 

Number of patients with 
evidence of intrathecal 
virus or intrathecal 
antibody production n (%) 

Notes 

was 7.74 (reported normal 1.92–7.3) suggesting some breakdown of the blood-brain 
barrier [225]  

• 1 patient had IgG index of 1.45 (reported normal <0.7) but had NMDA antibodies in the 
CSF and matched oligoclonal bands [205] 

consistent with intrathecal 
synthesis [117] 

7 (13%) Immunoglobulin 
Results Consistent with 
Possible Intrathecal 
Antibody Synthesis  

• 4 patients had elevated CSF IgG (3.8 mg/dL, 5.6 mg/dL, 5.8 mg/dL, 16.9 mg/dL) with 
no reference value provided (2 of whom had matched oligoclonal bands) and no 
mention of CSF albumin or serum IgG [187]  

• 1 patient who had a positive CSF SARS-CoV-2 PCR had increased CSF IgG (no value 
provided) and positive oligoclonal bands with no comment on whether they were 
matched or unmatched [236]  

• 1 patient had an elevated IgG index but the value was not provided, oligoclonal bands 
were absent and authors did not conclude these findings were consistent with 
intrathecal synthesis [168]  

• 1 patient had slightly elevated IgG index of 0.78 based on author threshold of normal 
being <0.6 but a higher threshold of normal is reported elsewhere and the authors 
concluded findings were consistent with an autoimmune/antibody-mediated response, 
not an active CSF infection [42] 

0 Immunoglobulin Results 
Consistent with Possible 
Intrathecal Antibody 
Synthesis  

5 (9%) Immunoglobulin 
Results Not Suggestive of 
Intrathecal Antibody 
Synthesis  

• 1 patient had CSF IgG 9.19 mg/dL (reported normal 1–3 mg/dL) and CSF:serum 
albumin index 17.3 (normal <6.5) consistent with blood-brain barrier breakdown 
[148]  

• 1 patient had elevated CSF IgG (5.3 mg/dL; reported normal <4.2 mg/dL) but IgG index 
was normal (0.51; normal range <0.7) and oligoclonal bands were matched consistent 
with breakdown of the blood-brain barrier [215]  

• 1 patient had elevated CSF IgG (6.15 mg/dL; reported normal <4.2 mg/dL) but IgG 
index was normal (0.4; normal <0.7) and oligoclonal bands were negative consistent 
with breakdown of the blood-brain barrier [215]  

• 1 patient had elevated CSF IgG (5.57 mg/dL; reported normal <4.2 mg/dL) but IgG 
index was normal (0.49; normal <0.7) and oligoclonal bands were negative consistent 
with breakdown of the blood-brain barrier [215]  

• 1 patient had elevated CSF IgG (16.8 mg/dL; reported normal 0–6 mg/dL) and IgG 
synthesis (23.3 mg/dL; reported normal ≤ 8 mg/dL), but IgG index was 0.64 (reported 
normal 0.28–0.66) and CSF SARS-CoV-2 Ig was negative with CSF:serum SARS-CoV-2 
IgG <1 and CSF albumin was elevated to 52 mg/dL (reported normal 0–35 mg/dL) as 
was albumin index (25.6; reported normal 0–9) consistent with breakdown of the 
blood-brain barrier [220] 

2 (22%) Immunoglobulin 
Results Not Suggestive of 
Intrathecal Antibody 
Synthesis  

• 2 patients had an increased CSF 
IgG:albumin index (233 and 170; 
no reported normal provided) 
but low serum albumin and 
matched oligoclonal bands in 
CSF and serum consistent with 
blood-brain barrier breakdown 
[9]  
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pleocytosis in the CSF (CSF WBC count of 95 cells/μL with CSF RBC 
count of 0 cells/μL and CSF WBC count of 90 cells/μL with RBC count of 
260 cells/μL, respectively) and a negative CSF SARS-CoV-2 PCR. 
Hoelscher et al. described a comatose patient who developed bithalamic 
edema in the setting of thrombosis of the vein of Galen and the bilateral 
internal cerebral veins who had a CSF protein of 1,104 mg/dL [176]. 
The CSF WBC count was 10 cells/μL and the CSF RBC count was 401 
cells/μL. CSF SARS-CoV-2 PCR was not tested. 

Lastly, Pfefferkorn et al. presented a patient who remained quadri
plegic and ventilator dependent 1-month after presentation with Guil
lain-Barré Syndrome who had a normal CSF protein on admission, but it 
increased to 1,023.1 mg/dL 13 days later [53]. Khodamoradi et al. also 
documented a marked increase in CSF protein on serial lumbar punc
tures (the text notes the initial CSF protein was 0.2 mg/dL, but we as
sume this was meant to be 20 mg/dL, then the subsequent CSF protein 
was 685 mg/dL (confirmed via personal communication with the au
thors) and a third CSF protein was normal) in a patient who presented 
with headache and was found to have a positive CSF SARS-CoV-2 PCR 
(discussed further below).” [184,249] CSF protein also increased be
tween taps, but not as dramatically, for 11 other patients who had serial 
CSF protein values reported [10,14,45,51,74,78,135,180,205,220,233]. 
However, it decreased between taps for a patient with multifocal strokes 
(314 mg/dL➔normal), a patient with multifocal intracranial and spinal 
cord hyperintense lesions (281 mg/dL➔111 mg/dL) and much less 
notably so for a patient with leukoencephalopathy (22 mg/dL➔19 mg/ 
dL) [170,188,245]. 

3.3. CSF SARS-CoV-2 PCR testing 

SARS-CoV-2 PCR testing was performed in the CSF on 303/430 
(70%) patients (238/321 (74%) patients with symptoms that localized 
to the CNS and 65/109 (60%) patients with symptoms that localized to 
the PNS (Table 1)) [5–10,15,17,22,24,26–38,43–59,68–71,73,74, 
76–78,81,84,88,89,95,97,98,101,103,105,108,109,111,113,116,119, 
122,123,125,127–129,131,134–144,147–150,152,154,156,157,161, 
164,165,169,171,177,178,180–182,184–187,190,191,193,195–201, 
203,204,205–207,209,212–216,218–221,224–227,230,233–238, 
240–246]. The CSF SARS-CoV-2 PCR resulted positive for 17/303 (6%) 
patients, all of whom had symptoms that localized to the CNS (17/238 
(7%) patients with symptoms that localized to the CNS): 8/17 (47%) 
who had encephalopathy/coma +/- seizures, 4/17 (24%) who had 
headache +/- encephalopathy, 2/17 (12%) who had seizures without 
encephalopathy, 1/17 (6%) who had cerebellar symptoms, 1/17 (6%) 
who had paresthesias and 1/17 (6%) who had vision loss (Table 2) 
[26–29,150,164,180,195,199,204,224,225,227,236,238,241]. The 
cycle threshold (Ct; the number of amplification cycles required for the 
target gene to exceed the threshold, which is inversely related to viral 
load) was only provided for 2/17 (12%) patients with a positive CSF 
SARS-CoV-2 PCR (37.12, 37.52 and 36.44 for the N1 gene, but negative 
for N2 for the patient reported by Moriguchi et al. and 34.29 for the 
patient reported by Virhammar et al.), though Fadakar et al. noted that a 
Ct of 35 was the cutoff for a positive SARS-CoV-2 PCR 
[26–29,150,164,180,184,195,199,204,224,225,227,236,238,241]. 
There were 6/17 (35%) patients who did not have a positive nasopha
ryngeal/oropharyngeal SARS-CoV-2 PCR, 1 of whom had positive SARS- 
CoV-2 serum antibodies [26,27,153,184,241,250]. The majority (13/ 
17, 76%) of patients with a positive CSF SARS-CoV-2 PCR were admitted 
to the hospital because of neurological symptoms [26–29,150,164,180, 
195,204,224,236,241]. There were 11/17 (65%) patients who had acute 
findings on neuroimaging and 5/17 (29%) patients who had acute 
findings on chest imaging [26,27,150,153,164,180,199,204,225,227, 
236,238]. CSF WBC count, when provided, ranged from 0 to 90 cells/μL 
for every patient except the patients reported by Mardani et al. and 
Yousefi et al., who had a CSF WBC count of 1,920 cells/μL (90% neu
trophils) and 1,870 cells/μL (90% neutrophils, CSF RBC count of 350 
cells/μL), respectively [26–29,150,164,180,195,199,204,224,225, 

227,238,241]. The CSF RBC count was provided for 8/17 (47%) pa
tients, 1 of whom had 0 cells/μL; the remainder had a CSF RBC count of 
50–1,685 cells/μL [28,29,180,184,204,227,241]. The CSF protein was 
normal or mildly increased (maximally 115 mg/dL) for 15/17 (88%) 
patients; the other 2 patients had a CSF protein of 685 mg/dL and 9,480 
mg/dL, the latter of which was the same patient who had a CSF WBC 
count of 1,920 cells/μL [26–29,150,164,180,195,199,204,224,225, 
227,236,238,241]. That patient also had hypoglycorrhachia (10 mg/ 
dL), but the other patients who had a CSF glucose reported had normal 
glycorrhachia. Notably, the patient who had marked neutrophilic 
pleocytosis, hyperproteinorrachia and hypoglycorrhachia had a tracheal 
aspiration culture that grew multidrug resistant Klebsiella pneumoniae 
[199]. There were 6/17 (35%) patients who had testing to evaluate for 
intrathecal antibody synthesis: 1 patient had a “high intrathecal oligo
clonal IgG synthesis (13.2 mg/dL, reference <3.4 mg/dL);” 1 patient had 
an elevated CSF:serum IgG ratio (4.48; reported normal 0.82–3.26) and 
a slightly elevated CSF:serum albumin ratio (7.74, reported normal 
1.92–7.3) demonstrating evidence of both possible intrathecal antibody 
synthesis and breakdown of the blood-brain barrier; 1 patient initially 
had elevated CSF:serum albumin demonstrating breakdown of the 
blood-brain barrier, though this subsequently normalized on another 
lumbar puncture, at which time CSF IgG was noted to be increased and 
oligoclonal bands were noted to be positive (though no information was 
provided about whether they were matched); the other 3 patients had 
oligoclonal bands which were not consistent with intrathecal antibody 
synthesis (2 had no bands and the third had bands matched to serum) 
[27,153,225,227,236,238]. CSF biomarkers were measured in 1 patient; 
he had elevated glial fibrillary acidic protein (GFAP), interleukin-6 (IL- 
6), neurofilament light chain and tau [236]. The majority of patients 
with a positive CSF SARS-CoV-2 PCR (14/17 (82%)) recovered, but 1 
patient died due to multiorgan failure and 1 remained unresponsive 
after 15 days (no follow up data was provided for the last patient) 
[26–29,150,164,180,195,199,204,224,225,227,236,238,241]. 

Of the 17 patients with a positive CSF SARS-CoV-2 PCR, 3 (18%) had 
more than one lumbar puncture [180,184,236]. The patients reported 
by Kamal et al. and Khodamoradi et al. had a positive CSF SARS-CoV-2 
PCR on the first lumbar puncture, but the one reported by Virhammar 
et al. had two negative CSF SARS-CoV-2 PCRs then a positive CSF SARS- 
CoV-2 PCR with Ct 34.29 for the N1 gene (although this finding was not 
reproducible using a commercial PCR assay), and a fourth CSF SARS- 
CoV-2 PCR was subsequently negative. For all three patients, the CSF 
WBC count decreased or remained stable and the CSF protein increased 
over time, though after the patient reported by Khodamoradi et al. had a 
substantial increase in the CSF protein between the first and second 
lumbar puncture (20 mg/dL to 685 mg/dL), it normalized on a third 
lumbar puncture. 

In addition to these 17 patients who had a positive CSF SARS-CoV-2 
PCR, Eden et al. described 3 patients with encephalopathy whose initial 
real-time CSF SARS-CoV-2 PCR resulted as indeterminate (Ct 37–40) 
with a QS6 instrument (Applied Biosystems, Foster City, CA, USA) 
prompting retesting of stored samples using the Xpert®-Xpress SARS- 
CoV-2 test (Cepheid, Sunnyvale, USA) which did not detect SARS- 
CoV-2 RNA [157]. None of these patients had CSF pleocytosis and 
they all had a normal albumin ratio, reflecting an intact blood-brain 
barrier, and IgG index, indicative of absence of intrathecal IgG synthe
sis. The authors noted that these findings are provocative, but that 
failure to detect viral RNA when the CSF was retested calls the initial 
findings into question, though retesting of low viral load samples after 
freezing and thawing can yield inaccurate results. All 3 patients had 
elevated CSF β2 microglobulin and neopterin. 

Lastly, McAbee et al. reported a case of “encephalitis associated with 
COVID-19” and noted that “nasopharyngeal swab was positive for 
COVID-19 as well as rhinovirus/enterovirus, but the latter was absent in 
the CSF PCR.” [202] We attempted to clarify with the authors whether 
this patient had a CSF SARS-CoV-2 PCR performed and if it was positive, 
but were unsuccessful, so we did not include him amongst the patients 
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who had a CSF SARS-CoV-2 PCR test performed. 

3.4. CSF SARS-CoV-2 antibody testing 

CSF antibodies to SARS-CoV-2 were tested in 58/414 (14%) patients 
who did not have a positive CSF SARS-CoV-2 PCR (49/58 (84%) of 
whom had symptoms that localized to the CNS and 9/58 (16%) of whom 
had symptoms that localized to the PNS) [6,13,25,31,43,46,98, 
101,113,119,127,141,182,193,197,209,220,224,231,233,237,246]. Of 
these, 42/58 (72%) tested positive for SARS-CoV-2 antibodies in the CSF 
[6,25,31,43,46,98,119,127,193,197,209,224,231,237]. Keller et al. 
noted that the 5 patients they reported did not have intrathecal synthesis 
of SARS-CoV-2 IgG, but did not comment on whether any SARS-CoV-2 
antibodies were present in the CSF [182]. Additional testing was per
formed on the CSF from 32/42 (76%) patients with positive CSF SARS- 
CoV-2 antibodies in an attempt to distinguish intrathecal antibody 
synthesis from antibody transmission to the CSF due to breakdown of the 
blood-brain barrier [25,43,119,127,193,231]. 

For 7/32 (22%) of these patients, all of whom had symptoms that 
localized to the CNS, the additional testing was consistent with intra
thecal antibody synthesis [25,231]. Using a SARS-CoV-2 epitope Lumi
nex panel, Song et al. evaluated CSF and serum SARS-CoV-2 antibodies 
in 6 patients and found there were antibodies specific to different re
gions of the spike protein in both compartments [231]. The 552–589 
region of the spike protein was an elevated target specific to the CSF, 
while the 818–855 region was an elevated target in the serum. Alex
opoulos et al. identified 1 patient with encephalopathy who had SARS- 
CoV-2 antibodies in the CSF and an IgG index of 1.85, indicative of some 
intrathecal protein synthesis (the authors noted the threshold to identify 
intrathecal synthesis was an IgG index>1) [25]. Song et al. did not 
provide outcome data, but the patient described by Alexopoulos et al. 
patient died [25,231]. 

The remaining 25/32 (78%) patients with positive SARS-CoV-2 an
tibodies in the CSF who had additional testing to evaluate if the anti
bodies were synthesized intrathecally did not have evidence of 
intrathecal antibody synthesis. Bellon et al. identified 14 patients with 
SARS-CoV-2 antibodies in the CSF (12 with encephalopathy, 1 with a 
“meningeal syndrome” and 1 with a neuromuscular disorder) [127]. 
They evaluated the CSF:serum SARS-CoV-2 IgG index and found that 
every patient had a ratio <2 (they considered a ratio >2 to be consistent 
with intrathecal production); 3 patients had a ratio between 1 and 1.22, 
but none had a ratio >1.22. Oligoclonal bands were tested in 13/14 
patients and they all had absent or matched oligoclonal bands. The al
bumin quotient was tested in 13/14 patients; it was elevated for 8 (62%) 
patients, indicating breakdown of the blood-brain barrier. Thus, they 
concluded none of these patients had intrathecal SARS-CoV-2 antibody 
synthesis. Alexopoulos et al. identified 7 patients with encephalopathy/ 
coma who had SARS-CoV-2 antibodies in the CSF, but a normal IgG 
index (reported normal <0.77). Of these 7 patients, 2 did not have SARS- 
CoV-2 antibodies in the CSF initially but had them on a second lumbar 
puncture 1 week later when the CSF was diluted 1:10, but not when it 
was diluted 1:100 [25]. To determine if the SARS-CoV-2 CSF antibodies 
for 2 patients originated due to intrathecal synthesis or transudation, 
Andriuta et al. calculated the Tibbling-Link, Delpech and transudation 
indices. For both patients, the indices reflected antibody entry to the CSF 
via transudation [43]. Senel et al. concluded that though their patient, 
who had Miller-Fisher Syndrome, had positive SARS-CoV-2 antibodies, 
these did not develop in the CSF because 1) the SARS-CoV-2 IgG and IgA 
CSF to blood antibody index was <1; 2) evaluation of all CSF immu
noglobulins with the Reiber diagram showed no evidence of intrathecal 
synthesis; and 3) oligoclonal bands were negative [119]. Lastly, 
although Lin et al. detected increased levels of IgM (1:64) for SARS-CoV- 
2 S1 and E proteins in the CSF, the IgG index was normal and oligoclonal 
bands were negative, suggesting there was no intrathecal synthesis 
[193]. 

3.5. CSF oligoclonal bands 

CSF oligoclonal bands were tested in 114 patients who did not have a 
positive CSF SARS-CoV-2 PCR or positive CSF antibodies to SARS-CoV-2 
(103 (90%) who had symptoms that localized to the CNS and 11 (10%) 
who had symptoms that localized to the PNS) [9,10,19,20,35,36,42, 
44,45,58,69,74,79,81,101,112,113,116,117,126,127,130,135,136,147, 
149,152,154,160,168–171,177,181,182,185–188,191,194,203,205, 
207,209,212,213,215,216,218,233,242,245]. Of these, 35 (31%) had 
matched CSF and serum bands [9,35,79,112,113,127,147,170,171,177, 
182,185,187,203,205,207,213,215]. 

There were 2/114 (2%) patients who did not have a positive CSF 
SARS-CoV-2 PCR or positive CSF antibodies to SARS-CoV-2 who had 
oligoclonal bands that were unique to the CSF, reflecting intrathecal 
antibody synthesis [101,171]. First, a 21-year-old woman who devel
oped ptosis and diplopia a week after she had mild respiratory symptoms 
was found to have SARS-CoV-2 IgG and IgA antibodies in her serum (but 
not in her CSF) and positive oligoclonal bands type 2 (not matched in 
serum) in her CSF [101]. Second, an 80-year-old patient who presented 
with hallucinations, memory problems and a seizure was found to have a 
positive nasopharyngeal SARS-CoV-2 PCR, CSF-specific oligoclonal 
bands and anti-contactin-associated protein 2 (Caspr2) IgG antibodies in 
serum and CSF [171]. Both patients recovered [101,171]. 

There were two additional patients who did not have a positive CSF 
SARS-CoV-2 PCR or positive CSF antibodies to SARS-CoV-2 and may 
have had oligoclonal bands that were unique to the CSF [154,212]. 
Dono et al. described an 81-year-old man who developed new-onset 
refractory status epilepticus while hospitalized with COVID-19 who 
was noted to have positive oligoclonal bands in his CSF [154]. No 
further information was provided to clarify if the bands were matched in 
serum. Lastly, Palao et al. reported a 29-year-old woman with no prior 
neurologic symptoms who presented with optic neuritis 2 weeks after 
acute onset of anosmia and myalgia and was found to have positive 
SARS-CoV-2 serum antibodies and oligoclonal bands in the CSF [212]. 
Imaging revealed enhancement of the optic nerve and periventricular 
demyelinating lesions, only one of which was enhancing. This prompted 
diagnosis of multiple sclerosis. Though the authors assumed her path
ogenic process began prior to infection with COVID-19, we cannot 
conclusively explain the correlation between her imaging findings and 
clinical presentation. As serum oligoclonal bands were not reported, it is 
unclear if her bands were matched, but if they were not, it is possible 
that this reflects intrathecal synthesis of antibodies to SARS-CoV-2. 

3.6. CSF immunoglobulins 

Of the patients who did not have a positive CSF SARS-CoV-2 PCR, 
CSF SARS-CoV-2 antibodies or CSF-specific oligoclonal bands, 45 had 
CSF immunoglobulins measured [9,10,42,45,49,57,58,62,69,74,81, 
113,117,148,181,182,187,194,205,215,220,242,246]. Of these, 29 
(64%) patients had normal immunoassays [42,45,49,57,58,62,69,74, 
81,113,181,182,187,194,215,242,246]. 

There were 2/45 (4%) patients who did not have a positive CSF 
SARS-CoV-2 PCR, CSF SARS-CoV-2 antibodies or CSF-specific oligoclo
nal bands who had immunoglobulin results consistent with intrathecal 
antibody synthesis [117,205]. Rajdev et al. presented a patient with 
Guillain-Barré Syndrome who had an elevated IgG index (14.67; re
ported normal <0.86) and markedly elevated IgG synthesis (293.5 mg/ 
day; reported normal 9.2 mg/day), with normal albumin levels and 
absence of oligoclonal bands [117]. The authors commented that these 
findings suggest intrathecal IgG synthesis, as there was no clear evidence 
of blood-brain barrier breakdown, but concluded that his poly
neuropathy was postinfectious. Monti et al. reported a patient with en
cephalopathy who had positive CSF N-Methyl-D-aspartate (NMDA) 
antibodies and an IgG index of 1.45 (reported normal <0.7) 5 weeks 
after presentation [205]. It was 0.67 1 month earlier. Oligoclonal bands 
were initially matched, then were absent. Both patients improved and 
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Table 2 
Patients with a positive CSF SARS-CoV-2 PCR.  

Author Age/ 
Sex 

SARS-CoV-2 testing WBC Other CSF/ 
neuroimaging 

Bloodwork/Chest imaging Reason for 
admission 

Systemic 
Symptoms 

Neurological 
symptoms 

Time between 
systemic 
symptoms and 
neurological 
symptoms 
(Days) 

Outcome 

Demirci 
Otluoglu 
et al. [150] 

48M  • Positive CSF PCR  
• Negative rapid test 

0 cells/μL  • Protein 40 mg/dL  
• Glucose 90 mg/dL  
• Hyperintensities in 

the posterior 
temporal lobe and 
upper cervical cord  

• C-reactive protein 
peaked at 34.4 mg/L  

• Bilateral, multifocal, 
rounded ground-glass 
opacities (a hazy opac
ity that does not 
obscure the underlying 
bronchial structures or 
pulmonary vessels) and 
consolidations in both 
upper and lower lobes 

Neuro  • Cough  
• Myalgia  

• Headache  
• Anosmia 

0 Treated with steroids, 
hydroxychloroquine, 
favipiravir, acyclovir, 
antibiotics and 
levetiracetam and 
remained neurologically 
normal 

Domingues 
et al. [153] 

42F  • Positive CSF PCR  
• Negative nasal and 

pharyngeal PCR 

1 cell/μL  • Protein 32 mg/dL  
• Glucose 68 mg/dL  
• Oligoclonal bands 

negative  
• Small left lateral 

ventral 
hyperintensity in the 
cervical cord  

• Normal brain MRI  

• Normal bloodwork  
• Normal chest imaging 

Neuro  • Respiratory 
symptoms  

• Paresthesias in 
left hemibody 

N/A Recovery after 3 weeks 
without treatment 

Duong et al. 
[28] and 
Huang et al. 
[29] 

41F  • Positive CSF PCR  
• Positive 

nasopharyngeal PCR 

70 cells/μL 
(RBC 65 cells/ 
μL)  

• Protein 100 mg/dL  
• Glucose 120 mg/dL  
• Normal CT  

• Normal bloodwork  
• Normal chest imaging 

Neuro  • Fever  • Headache  
• Seizure  
• Encephalopathy 

0 Treated with 
hydroxychloroquine and 
levetiracetam and returned 
to normal after 12 days 

Fadakar et al. 
[164] 

47M  • Positive CSF PCR  
• Positive 

oropharyngeal and 
nasopharyngeal PCRs 

10 cells/μL  • Protein 58 mg/dL  
• Glucose 60 mg/dL  
• Autoimmune 

antibodies negative  
• Edema in the 

cerebellum on MRI  

• Increased ferritin (879 
ng/mL)  

• Normal chest imaging 

Neuro  • Cough  • Ataxia  
• Headache  
• Dysarthria  
• Nystagmus  
• Irregular rapid 

alternating 
movements  

• Vertigo 

3 Treated with lopinavir/ 
ritonavir and symptoms 
improved markedly after 1 
month 

Kamal et al. 
[180] 

31M  • Positive CSF PCR 
then negative CSF 
PCR 2 weeks later  

• Positive 
nasopharyngeal PCR 

<5 cells/μL 
(RBC 150 
cells/μL)➔ 
<5 cells/μL 
(RBC 50 cells/ 
μL 
2 weeks later  

• Protein 45 mg/ 
dL➔55 mg/dL 2 
weeks later  

• Glucose 60 mg/ 
dL➔67 mg/dL 2 
weeks later  

• Bilateral temporal 
hyperintensities on 
MRI  

• Normal bloodwork  
• Normal chest imaging 

Neuro  • Cough  • Encephalopathy 2 Treated with chloroquine, 
lopinavir/ritonavir, 
acyclovir and levetiracetam 
and returned to normal 
after 2 weeks 

Khodamoradi 
et al. 
[184,249] 

49F  • Positive CSF PCR on 
presentation and 1 
week later  

• Negative 
nasopharyngeal and 
oropharyngeal PCRs 

90 cells/μL 
(RBC 0 cells/ 
μL)➔ 
23 cells/μL 
(RBC 57 cells/ 
μL) 1 week 
later➔  

• Protein 20 mg/ 
dL➔685 mg/dL 1 
week later➔normal 
(confirmed via 
personal 
communication)  

• Chronic ischemic 
changes on MRI  

• Normal bloodwork  
• Normal chest imaging 

Neuro  • Fever  
• Chills  
• Nausea  

• Headache  
• Nuchal rigidity 

N/A Treated with 
hydroxychloroquine, 
azithromycin, Lopinavir/ 
ritonavir, acyclovir and 
antibiotic and was 
discharged after 15 days 

(continued on next page) 
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Table 2 (continued ) 

Author Age/ 
Sex 

SARS-CoV-2 testing WBC Other CSF/ 
neuroimaging 

Bloodwork/Chest imaging Reason for 
admission 

Systemic 
Symptoms 

Neurological 
symptoms 

Time between 
systemic 
symptoms and 
neurological 
symptoms 
(Days) 

Outcome 

Normal prior 
to discharge 

Lo Monaco 
et al. [195] 

56M  • Positive CSF PCR  
• Positive 

nasopharyngeal PCR 

4 cells/μL  • Protein 115 mg/dL  
• Glucose 82 mg/dL  
• Normal CT  

• Decreased WBC count 
(3,430 cells/μL)  

• Normal chest imaging 

Neuro  • Cough  
• Fever  

• Encephalopathy  
• Anosmia 

7 Treated with tocilizumab, 
antibiotics and antivirals 
and improved rapidly 

Mardani et al. 
[199] 

64F  • Positive CSF PCR  
• Positive 

nasopharyngeal and 
tracheal aspirate PCR 

1,920 cells/μL 
(90% 
neutrophils)  

• Protein 9,480 mg/dL  
• Glucose 10 mg/dL 

(blood glucose 162 
mg/dL)  

• Mild atrophy on CT  

• Increased WBC count 
(13,400 cells/μL with 
neutrophilic 
predominance)  

• D-dimer >1,000 ng/mL  
• Collapse consolidation 

of basal segments and 
patchy ground-glass 
opacities and small 
pleural effusion 

Respiratory  • Respiratory 
symptoms  

• Encephalopathy 21 Treated with 
hydroxychloroquine, 
lopinavir/ritonavir and 
antibiotics but no follow up 
data available 

Mirzaee et al. 
[204] 

12M  • Positive CSF PCR  
• Positive 

nasopharyngeal PCR 

0 cells/uL 
(RBC 100 
cells/uL)  

• Protein 21 mg/dL  
• Glucose 62 mg/dL  
• Acute infarct in the 

left middle cerebral 
artery territory on 
MRI  

• Ferritin 86.7 ng/L  
• C-reactive protein 3 

mg/L  
• Erythrocyte 

sedimentation rate 45 
mm/h  

• Normal chest imaging 

Neuro N/A  • Seizures  
• Hemiparesis  
• Dysarthria 

N/A Treated conservatively 
then discharged home but 
remained hemiparetic 

Moriguchi 
et al. [26] 

24M  • Positive CSF PCR  
• Negative 

nasopharyngeal PCR 
x 2 

12 cells/μL  • Hyperintense signal 
along the wall of the 
lateral ventricle and 
in the temporal lobe, 
hippocampal 
atrophy, pan- 
paranasal sinusitis  

• Increased WBC count 
(neutrophilic 
predominance)  

• Increased C-reactive 
protein  

• Small ground-glass 
opacity in the right 
upper lobe and bilateral 
lower lobes 

Neuro  • Fever  
• Sore throat  

• Headache  
• Nuchal rigidity  
• Coma  
• Seizures 

9 No improvement after 15 
days despite administration 
of steroids, acyclovir, 
favipiravir, ceftriaxone, 
vancomycin and 
levetiracetam 

Novi et al. [27] 64F  • Positive CSF PCR  
• Negative 

nasopharyngeal PCR  
• Positive serum 

antibodies 

22 cells/μL  • Protein 45.2 mg/dL  
• Oligoclonal bands 

identical to serum  
• Multiple enhancing 

lesions in the brain, 
optic nerve 
enhancement, one 
thoracic lesion  

• Negative aquaporin-4 
antibody  

• Negative myelin 
oligodendrocyte 
glycoprotein antibody 

Neuro  • Respiratory 
symptoms  

• Headache  
• Anosmia  
• Ageusia  
• Irritability  
• Severe vision 

loss  
• Decreased 

sensation 

21 Vision improved after 2 
weeks following 
administration of steroids 
and IVIG 

Rifino et al. 
[224] 

60M  • Positive CSF PCR  
• Positive pharyngeal 

PCR 

Normal  • Protein slightly 
increased  

• Normal CT  

• Increased D-dimer  
• Increased IL-6  
• Increased C-reactive 

protein  
• Normal chest imaging 

Neuro N/A  • Headache  
• Encephalopathy 

N/A Fully recovered after 6 days 
following treatment with 
hydroxychloroquine and 
ariprazole 

Saitta et al. 
[225] 

68M  • Positive CSF PCR  
• Positive pharyngeal 

PCR 

0 cells/μL 
(RBC 1 cell/ 
μL)  

• Protein 49 mg/dL  
• Glucose 88 mg/dL  
• CSF:serum IgG 4.48  
• CSF:serum albumin 

ratio 7.74  
• Multiple foci of 

diffusion restriction  

• Increased WBC count 
(23,580 cells/μL on day 
14)  

• Increased C-reactive 
protein (137 mg/L on 
admission) 

Respiratory  • Cough  
• Fever  
• Fatigue  
• Respiratory 

failure 
requiring 
intubation  

• Coma 9 (after 
sedation 
discontinued) 

Death 21 days after 
admission 

(continued on next page) 
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Table 2 (continued ) 

Author Age/ 
Sex 

SARS-CoV-2 testing WBC Other CSF/ 
neuroimaging 

Bloodwork/Chest imaging Reason for 
admission 

Systemic 
Symptoms 

Neurological 
symptoms 

Time between 
systemic 
symptoms and 
neurological 
symptoms 
(Days) 

Outcome 

in the bilateral 
frontal and parietal 
lobes, subcortical 
white matter and 
corpus callosum  

• Increased procalcitonin 
(2.07 ug/L on day 14)  

• Increased IL-6 (491 pg/ 
mL on admission)  

• Increased ferritin (605 
ng/mL on admission)  

• Increased D-dimer 
(6,941 ng/mL on day 
14)  

• Increased creatinine 
(2.4 mg/dL on 
admission)  

• No description of chest 
imaging 

Sattar et al. 
[227] 

44M  • Positive CSF PCR  
• Positive pharyngeal 

PCR 

11 cells/μL 
(75% 
neutrophils; 
RBC 1,685 
cells/μL)  

• Protein 39 mg/dL  
• Glucose 75 mg/dL  
• Oligoclonal bands 

negative  
• IgG index normal  
• ACE normal  
• Autoimmune 

antibodies negative  
• Bifrontal 

hyperintensities on 
MRI 

N/A Respiratory  • Cough  
• Fever  
• Respiratory 

failure 
requiring 
intubation  

• Encephalopathy  
• Seizure 

20 Improved neurologically 
after initiation of 
antiepileptic drugs 
(previously treated with 
hydroxychloroquine, 
azithromycin, vitamin C, 
zinc) and was discharged 
after 34 days 

Virhammar 
et al. [236] 

55F  • Negative CSF PCR x 2 
then Positive CSF 
PCR 1 week later but 
negative on 
commercial assay 
when repeated then 
negative again 1 
week after that  

• Positive 
nasopharyngeal PCR 
x 4 

No 
pleocytosis 
noted on 4 
lumbar 
punctures  

• Protein normal then 
increased  

• Albumin quotient 
increased on initial 
lumbar puncture 
then normal  

• IgG increased on 
second lumbar 
puncture  

• Oligoclonal bands 
positive on third 
lumbar puncture  

• Neurofilament light 
chain ~1,000 pg/ 
mL➔~8,000 pg/ 
mL➔~6,000 pg/mL 
(all increased)  

• Tau ~2,000 pg/ 
mL➔~6,000 pg/ 
mL➔~7,000 pg/mL 
(all increased)  

• Glial fibrillary acidic 
protein ~4,000 pg/ 
mL➔~750 pg/ 
mL➔~500 pg/mL  

• Ground-glass opacities 
and consolidations 

Neuro  • Fever  
• Myalgia  

• Coma  
• Myoclonus 

7 Gradually improved 
following treatment with 
IVIG, acyclovir, 
plasmapheresis and 
convalescent plasma and 
discharged to rehab after 
35 days 

(continued on next page) 
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Table 2 (continued ) 

Author Age/ 
Sex 

SARS-CoV-2 testing WBC Other CSF/ 
neuroimaging 

Bloodwork/Chest imaging Reason for 
admission 

Systemic 
Symptoms 

Neurological 
symptoms 

Time between 
systemic 
symptoms and 
neurological 
symptoms 
(Days) 

Outcome 

(increased then 
normalized)  

• IL-6 ~25 pg/mL➔~5 
pg/mL➔~10 pg/mL 
(all mildly incrased)  

• Hyperintensities in 
thalami and 
midbrain and medial 
temporal lobes 

Westhoff et al. 
[238] 

69M  • Positive CSF PCR  
• Positive 

nasopharyngeal PCR  
• Positive PCR from 

kidney biopsy 

1 cell/μL  • Protein 110 mg/dL  
• Glucose 93 mg/dL  
• Oligoclonal IgG 

synthesis 13.2 
(increased)  

• Meningeal 
enhancement and 
white matter edema 
without mass effect  

• Increased creatinine  
• Absolute lymphopenia  
• Increased C-reactive 

protein  
• Bilateral ground-glass 

opacities and 
consolidations 

Respiratory  • Cough  
• Fever  
• Diarrhea  

• Seizures 10 Improved after treatment 
with hydroxychloroquine 
and antiepileptic drugs and 
was discharged after 38 
days 

Yousefi et al. 
[241] 

9F  • Positive CSF PCR  
• Negative pharyngeal 

PCR 

1,870 cells/μL 
(90% 
neutrophils; 
RBC 350 
cells/μL)  

• Protein 81 mg/dL  • Increased WBC count 
(19,000 cells/μL with 
88% neutrophils)  

• Increase C-reactive 
protein  

• Increased erythrocyte 
sedimentation rate (108 
mm/h)  

• Normal chest imaging 

Neuro  • Fever  • Headache  
• Right sixth nerve 

palsy 

0 Improved after treatment 
with antibiotics and 
hydroxychloroquine and 
was discharged after 10 
days 

CSF: cerebrospinal fluid; CT: computed tomography; IL: interleukin; IVIG: intravenous immunoglobulin; MRI: magnetic resonance imaging; N/A: not available; PCR: polymerase chain reaction; RBC: red blood cells; WBC: 
white blood cells 
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were discharged from the hospital [117,205]. 
Another 6/45 (13%) patients who did not have a positive CSF SARS- 

CoV-2 PCR, CSF SARS-CoV-2 antibodies or CSF-specific oligoclonal 
bands had CSF immunoglobulins consistent with possible intrathecal 
antibody synthesis [42,117,168,187]. Kremer et al. identified four pa
tients with encephalopathy who had elevated CSF IgG levels from 3.8 to 
16.9 mg/dL [187]. They did not stipulate the normal value or provide 
serum IgG or CSF albumin, so it is not feasible to interpret whether these 
findings reflect intrathecal IgG synthesis. However, two of these patients 
had matched oligoclonal bands in CSF and serum, suggesting these pa
tients did not have unique intrathecal antibodies. The authors felt their 
findings were likely immune-mediated. Dogan et al. described a patient 
with encephalopathy who had an IgG index of 0.78 (upper limit of 
normal reported by the authors was 0.6), but the patient also had a CSF 
IgG of 3.23 mg/dL (upper limit of normal reported by the authors of 3.4 
mg/dL) and negative oligoclonal bands [42,117]. The authors 
concluded that these findings were likely the result of autoimmune/ 
antibody-mediated inflammation. Similarly, Ghosh et al. described a 
patient who presented with coma and seizures and was found to have a 
frontoparietal hyperintense lesion with surrounding edema and foci of 
hemorrhage who had an elevated IgG index [168]. The value of the 
index was not provided. Additionally, oligoclonal bands were absent in 
the CSF. The authors did not conclude these findings were consistent 
with intrathecal antibody synthesis. 

3.7. CSF autoimmune antibodies 

Autoimmune antibodies were tested in the CSF of 77/430 (18%) 
patients [10,25,30,34,44,45,74,122,135,136,141,148,154,164,169, 
171,177,182,185,186,191,193,194,205–207,209,213,215,216,220, 
233,234,242,245,246]. Of the 77 patients who had autoimmune anti
bodies tested in the CSF, 4 (5%) had positive autoimmune antibodies 
[30,169,171,205]. 

There were two patients with NMDA receptor antibodies in the CSF 
[30,205]. Both patients presented with fever and psychosis and were 
found to have COVID-19 then developed dyskinesias. Imaging was 
normal. They improved after treatment with intravenous immunoglob
ulins (IVIG) and steroids. 

Guilmot et al. reported the aforementioned patient who presented 
with hallucinations, memory problems and a seizure and had anti- 
contactin-associated protein 2 (Caspr2) IgG antibodies in serum and 
CSF [171]. Neuroimaging was normal and an electroencephalogram 
showed slowing. Steroids were administered and plasmapheresis was 
performed after which there were no seizures. 

Lastly, a 72-year-old man who presented with cerebellar symptoms 
17 days after fever and odynophagia and, in addition to having a posi
tive nasopharyngeal SARS-CoV-2 PCR and serum IgG and IgM to SARS- 
CoV-2, he had autoantibodies directed against the nuclei of Purkinje 
cells, striatal and hippocampal neurons in the CSF (1:96) and serum 
(1:25,000) [169]. The intensity and reactivity in the serum and CSF 
observed at the same IgG concentration ruled out intrathecal autoanti
body synthesis, as did the absence of CSF specific oligoclonal bands. MRI 
was normal. He was treated with IVIG and steroids and his symptoms 
improved. 

3.8. Other CSF biomarkers 

Other CSF biomarkers were tested in the CSF of 57/430 (13%) pa
tients (Table 3), 45 (79%) of whom were reported to have elevation of at 
least one CSF biomarker [10,24,25,30,31,98,111,119,128,135, 
136,149,157,165,182,191,205,215,217,227,231,236]. Notably, there is 
not consensus on the reference values for biomarkers and reported 
norms vary between labs. 

There were 27 patients who had CSF IL-6 measured, 20 (74%) of 
whom had an increased concentration based on the author’s reported 
normal; 11/20 patients with increased CSF IL-6 concentration had 

serum IL-6 concentration measured, and this was elevated for all 11 
patients [10,30,31,98,111,128,135,149,165,182,191,205,215,217, 
236]. Keller et al. measured IL-6 in the CSF and serum of 5 patients (2 
with hemiparesis, 1 who was comatose, 1 who was encephalopathic and 
1 who had seizures) and found it was elevated in 4/5 patients, but was 
lower than it was in serum [182]. CSF IL-6 was mildly elevated in two 
patients with encephalopathy reported by Delorme et al. (13 pg/mL and 
16 pg/mL; reported normal <6.5 pg/mL; serum levels not reported) 
[149]. However, Le Guennec et al. reported that the second patient re
ported by Delorme et al. also had an elevated serum IL-6 (28.8 pg/mL 
with reported normal <6.5 pg/mL). The two patients presented by 
Bodro et al. who had CSF protein >1,000 mg/dL in the setting of tran
sient encephalopathy had increased CSF IL-6 (190 pg/mL and 25 pg/mL; 
reported normal <7 pg/mL); serum values were not reported [128]. 
Perrin et al. found that 3/5 patients with encephalopathy had an 
elevated CSF IL-6 [215]. Only 2 of these patients had IL-6 measured in 
the serum, but both had an elevated concentration. Cani et al. measured 
IL-6 in the CSF and serum of a patient who initially had akinetic mutism 
after being weaned off sedation for acute respiratory failure, then 
improved and had only mild dysexecutive syndrome and finally recov
ered after 43 days [135]. CSF WBC count was normal, CSF SARS-CoV-2 
PCR and oligoclonal bands were negative and CSF protein was mildly 
increased. CSF IL-6 was elevated on initial lumbar puncture 21 days 
after symptoms onset (55.1 pg/mL; reported normal <5.9 pg/mL) at 
which time serum IL-6 was slightly above normal (9.1 pg/mL; same 
limits as CSF), but repeat lumbar puncture 14 days later revealed normal 
IL-6 in both CSF and serum. Farhadian et al. compared biomarker con
centration in the CSF and serum of a patient who had encephalopathy 
and seizures to the CSF and serum from two healthy controls and found 
that IL-6 was elevated in both CSF and serum in the patient with COVID- 
19 as compared to the control patients [165]. Lastly, both of the patients 
with NMDA receptor antibodies had elevated CSF IL-6: one had a con
centration of 39 pg/mL (normal reported <7 pg/mL) and did not have 
serum levels reported [30]; the second had an elevated CSF IL-6 
compared to 12 subjects with functional neurologic disorders (4.58 
pg/mL 1 week after presentation and 5.75 pg/mL 1 month later) and 
elevated serum IL-6 compared to the established norm of <10 pg/mL 
(52 pg/mL and 206 pg/mL, respectively) [205]. He also had elevated 
CSF interleukin-8 (IL-8) compared to the control patients. 

In addition to that patient, there were 16 other patients who had CSF 
IL-8 measured, 16/17 (94%) of whom had elevated CSF IL-8; 6 patients 
with elevated CSF IL-8 had serum IL-8 measured, all of whom had 
elevated serum concentrations too [10,31,98,111,135,149,165,205, 
217]. In comparison to historical controls with normal cognition and no 
viral illness, Benameur et al. found that 3 patients with CSF SARS-CoV-2 
antibodies who were comatose or profoundly encephalopathic had 
increased levels of CSF IL-6, IL-8, interleukin-10 (IL-10), interferon 
gamma-induced protein-10 (IP-10) and TNF-α [31]. CSF cytokine levels 
for these patients were compared to those from patients with HIV- 
associated neurocognitive disorders and it was noted that elevated 
CSF IL-8 and IL-10 appeared to be unique to the patients with neuro
logical complications of COVID-19. Inflammatory makers were not 
evaluated in blood. Gigli et al. performed cytokine testing in the CSF and 
serum of a 53-year-old man who presented to a hospital with para
paresis, paresthesias and ataxic gait 55 days after he had fever and 
diarrhea and was found to have a positive CSF SARS-CoV-2 IgG and IgM 
with specific reactivity against nucleocapsid and spike 2 glycoprotein 
[98]. IL-8 was markedly elevated (121 pg/mL; normal reported 32.6–88 
pg/mL) in CSF and mildly elevated in serum (26 pg/mL; normal re
ported 6.7–16.2 pg/mL). Manganotti et al. measured IL-8 in the CSF and 
serum of 3 patients who had Guillain-Barré Syndrome [111]. IL-8 was 
elevated in CSF for all three patients, and was higher than it was in 
serum (42.6 pg/mL in CSF and 17.8 pg/mL in serum; 96 pg/mL in CSF 
and 55 pg/mL in serum; and 22.7 pg/mL in CSF and 20 pg/mL in serum). 
Pilotto et al. evaluated CSF cytokines in a 60-year-old man who pre
sented with five days of encephalopathy, fever and cough, who was 
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Table 3 
CSF biomarkers in patients with COVID-19 based on PCR or serologic testinga. 
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found to have lymphocytic pleocytosis (WBC count of 18 cells/μL) and 
hyperproteinorrachia (127.2 mg/dL) [10,217]. He had a negative CSF 
SARS-CoV-2 PCR and no evidence of intrathecal antibody synthesis, 
oligoclonal bands or autoimmune antibodies. MRI of the brain was 
normal. CSF IL-8 was markedly increased (>1,100 pg/mL; normal re
ported elsewhere <72 pg/mL) and was over ten times higher than the 
serum concentration (98.3 pg/mL) prompting the authors to equate 
their findings to immune effector cell-associated neurotoxicity syn
drome (ICANS, also known as CAR T-cell neurotoxicity) [251]. After 
treatment with five days of steroids, lopinavir/ritonavir, hydroxy
chloroquine, acyclovir and ampicillin, he returned to normal, and repeat 
CSF testing showed IL-8 decreased substantially to 97 pg/mL. Lastly, 
Song et al. compared CSF and serum concentration of IL-8, IL-1β, 
interleukin-12 (IL-12) and fibroblast growth factor-2 (FGF-2) for six 
patients with positive SARS-CoV-2 antibodies (3 with encephalopathy, 2 
with headache and 1 with seizure) to CSF from controls [231]. Data was 
presented cumulatively, but they noted that all of these cytokines were 
elevated in the CSF of patients with COVID-19 compared with controls, 
but were not elevated in the plasma. 

β2 microglobulin, a biomarker for monocytic activation in the CNS, 
was increased in the CSF of 6/7 patients [10,119,157,217]. Pilotto et al. 
found that CSF β2 microglobulin was increased in a patient with en
cephalopathy (3.06 mg/L; no reference range provided) [10,217]. Eden 
et al. found elevated CSF and serum β2 microglobulin in 5/5 patients 
with encephalopathy (3 of whom had an initial CSF SARS-CoV-2 PCR 
result as indeterminate (Ct 37-40), prompting retesting which did not 

detect SARS-CoV-2 RNA) [157]. Because these findings were not asso
ciated with viral detection, pleocytosis or disruption of the blood-brain 
barrier (based on the albumin index), the authors concluded they were 
reflective of an indirect effect of systemic infection. 

To evaluate for axonal injury, the CSF was tested for 1) 14-3-3 in 9 
patients with encephalopathy, 2) neurofilament light chain in 8 patients 
with encephalopathy and 3) phosphorylated neurofilament heavy chain 
in 1 patient with ophthalmoplegia [10,24,25,119,157,217]. There were 
4/9 (44%) patients who were positive for 14-3-3 in the CSF, 1 of whom 
was negative on an initial lumbar puncture then positive when a second 
CSF sample was obtained [24,25]. All of the patients with 14-3-3 
detected in the CSF also had SARS-CoV-2 antibodies in the CSF at a 
1:10 dilution and 3/4 had SARS-CoV-2 antibodies detected in the CSF at 
1:100 dilution, though they all had a CSF:serum SARS-CoV-2 IgG index 
<1, and 2/4 had an elevated albumin index [25]. Eden et al. found that 
neurofilament light chain was elevated in the CSF of 2/6 patients with 
encephalopathy (including one whose initial CSF SARS-CoV-2 PCR 
resulted as indeterminate), which the authors felt may have been 
attributed to hypoxia [157]. Virhammar et al. found that CSF neuro
filament light chain was markedly increased in a patient who was 
comatose on admission and was found to have a positive CSF SARS-CoV- 
2 PCR on the third lumbar puncture performed; serum concentration 
was not reported [236]. Senel et al. found elevated phosphorylated 
neurofilament heavy chain in the CSF (2,131 pg/mL; reported normal 
<30 pg/mL) of a patient with Miller-Fisher Syndrome who had positive 
CSF SARS-CoV-2 IgG and IgA, but no evidence of intrathecal antibody 

a Values that are elevated are bolded (normal ranges specified by authors are noted here with alternate ranges included when there was discrepancy in normal limits 
between authors): [10,25,30,98,111,128,135,149,157,165,182,191,205,215] IgG Index 0.1–0.7 or <0.77 or <0.63; ACE CSF 0-2.5 U/L; Amyloid-β-42 CSF 650–2000 
pg/mL; β2 microglobulin serum <2.1 mg/L and CSF <1.8 mg/L; IL-1β serum <0.21 pg/mL (or <0.001 pg/mL) and CSF 0.1–0.5 pg/mL (or <2.56 pg/mL); IL-2R serum 
440–1435 pg/mL and CSF range assumed equal to serum due to absence of standardized values; IL-6 serum 0.76–6.38 pg/mL (or <4 pg/mL or <5.9 pg/mL or 0–6.5 pg/ 
mL or <10 pg/mL) and CSF 2.1–9.6 pg/mL (or <1.3 pg/mL or <2.5 pg/mL or <4 pg/mL or <5.9 pg/mL or <6.5 pg/mL or <7 pg/mL); IL-8 serum 6.7–16.2 pg/mL (or 
<70 pg/mL) and CSF 32.6–88 pg/mL (or <72 pg/mL or <70 pg/mL); IL-10 serum 1.8–3.8 pg/mL (or <9 pg/mL) and CSF range assumed equal to serum due to absence 
of standardized values (or <2.5 pg/mL or <9 pg/mL); IL-17A control data serum ~0 pg/mL and CSF ~10 pg/mL: INF-α serum <0.99 pg/mL and CSF range assumed 
equal to serum due to absence of standardized values; IP-10 serum 37.2–222 pg/mL and CSF range assumed equal to serum due to absence of standardized values; 
MCP-1 control data serum ~0 pg/mL and CSF ~140 pg/mL; Neopterin serum <8.8 nmol/L and CSF <5.8 nmol/L; NfL CSF <1850 pg/mL (or <1,577 pg/mL); pNfH 
CSF <560 pg/mL; Tau CSF <479 pg/mL (or 150–450 pg/mL); TNF-α serum 7.78–12.2 pg/mL (or <8.1 pg/mL) and CSF 0.2–3.7 pg/mL (or <0.2 pg/mL or <8.1 pg/ 
mL).ACE: angiotensin converting enzyme; AMS: altered mental status; CSF: cerebrospinal fluid; CXCL: chemokine ligand; GFAP: Glial fibrillary acidic protein; HEM: 
hemiparesis; I: indeterminate (virus present but with Ct above cutoff of 37); IL: interleukin; INF: interferon; IP: interferon gamma-induced protein; M: matched in 
serum and CSF; N: noted to be normal with no specific value/range provided by authors; NfL: neurofilament light chain; OPH: ophthalmoparesis; PAR: paraparesis; 
PCR: polymerase chain reaction; pNfH: phosphorylated neurofilament heavy chain; QUAD: quadriparesis; RBC: red blood cells; SZ: seizures; TNF: tumor necrosis 
factor; WBC: white blood cells; ~: value interpreted based on review of graph; K: thousand; 
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production [119]. After treatment with IVIG for five days, his symptoms 
resolved. The authors checked neurofilament light chain in blood 2 days 
later, and 16 days after that, and found that it was elevated (61 and 58 
pg/mL, respectively; no reference range provided). 

There were two patients who had the concentration of GFAP, a 
biomarker for gliosis, measured in the CSF [10,217,236]. The patient 
presented by Virhammar et al. who had a positive CSF SARS-CoV-2 PCR 
on the third lumbar puncture had markedly elevated GFAP on day 12 
(~4,000 pg/mL) which then decreased to normal by day 30 (~500 pg/ 
mL) [236]. Serum levels were not reported. 

Amyloid-β-42 and tau, biomarkers for Alzheimer-type pathologic 
changes in the CNS, were both tested in the CSF of 4 patients 
[10,119,149,217,227,236]. Delorme et al. described a patient who had 
markedly elevated CSF tau (2,000 pg/mL; reported normal 150–450 pg/ 
mL) [149]. Virhammar et al. presented a patient who was comatose on 
admission and was found to have a positive CSF SARS-CoV-2 PCR on the 
third lumbar puncture performed [236]. The patient had elevated CSF 
tau which continued to increase over the course of 30 days from ~2,000 
pg/mL to ~7,000 pg/mL. The patient gradually improved and was 
discharged to rehab after 35 days. 

Because it is postulated that SARS-CoV-2 enters cells via the 
angiotensin-converting enzyme-2 (ACE2) receptor, Bodro et al. 
measured ACE levels in the CSF of the two aforementioned patients with 
transient encephalopathy who had CSF protein >1,000 mg/dL [128]. 
Both patients had elevated CSF ACE (15.5 U/L and 10.9 U/L; reported 
normal 0–2.5 U/L). The authors acknowledged that it is unclear how to 
interpret this abnormality, particularly given that these patients had 
negative CSF SARS-CoV-2 PCRs and recovered fully after a few days, 
making infection of the CNS unlikely, but suggested it could be relevant. 

4. Discussion 

In this systematic review, we identified 430 patients with COVID-19 
diagnosed based on PCR or serology who had CSF obtained due to a 
neurological symptom [5–10,13–246]. A paucity of patients in this 
cohort had a positive CSF SARS-CoV-2 PCR; of 303 patients who had 
SARS-CoV-2 PCR tested in the CSF, 17 (6%) patients, all of whom had 
symptoms that localized to the CNS, had a positive result and an addi
tional 3 (1%) had an indeterminate result [5–10,15,17,22,24,26–38, 
43–59,68–71,73,74,76–78,81,84,88,89,95,97,98,101,103,105,108, 
109,111,113,116,119,122,123,125,127–129,131,134–144,147–150, 
152,154,156,157,161,164,165,169,171,177,178,180–182,184–187, 
190,191,193,195–201,203,204,205–207,209,212–216,218–221, 
224–227,230,233–238,240–246]. Furthermore, only 14/252 (6%) pa
tients who had direct or indirect evaluation for CSF 
SARS-CoV-2 antibodies (oligoclonal bands or immunoglobulins), had 
evidence of intrathecal antibody synthesis 
[6,9,10,13,19,20,25,31,35,36,42–46,49,57,58,62,69,74, 
79,81,98,101,112,113,116,117,119,126,127,130,135,136,141,147– 
149,152,154,160,168–171,177,181,182,185–188,191,193,194,197, 
203,205,207,209,212,213,215,216,218,220,224,231,233,237,242, 
245,246]. Inconsistencies in the evaluation of CSF and serum and 
challenges associated with interpretation of laboratory results preclude 
determination of a finite rate of viral neuroinvasion in this cohort. 
However, neuroinvasion by SARS-CoV-2 appears to be rare, and it is 
likely that neurological symptoms in patients with COVID-19 are usually 
the result of hypoxic-ischemic injury, toxic-metabolic changes, stroke, 
or a parainfectious or post-infectious inflammatory response due to 
cytokine release syndrome or molecular mimicry between COVID-19 
antibodies and peripheral nerve glycolipids, neuronal or glial cells 
[5–10,13–246]. 

As is evident by the fact that 303/430 (70%) patients we identified 
had CSF SARS-CoV-2 PCR testing performed, it is feasible to perform 
PCR testing for SARS-CoV-2 in CSF [5–10,15,17,22,24,26–38,43–59, 
68–71,73,74,76–78,81,84,88,89,95,97,98,101,103,105,108,109,111, 
113,116,119,122,123,125,127–129,131,134–144,147–150,152,154, 

156,157,161,164,165,169,171,177,178,180–182,184–187,190,191, 
193,195–201,203–207,209,212–216,218–221,224–227,230,233– 
238,240–246]. In fact, PCR testing for the N2 gene target of SARS-CoV-2 
was noted to have the highest sensitivity in CSF when compared with a 
nasopharyngeal swab, bronchoalveolar lavage, sputum, plasma or stool 
[252]. Despite this, many hospitals lacked the ability to perform SARS- 
CoV-2 PCR testing in CSF early in the pandemic [63]. Additionally, viral 
detection via PCR testing is not 100% sensitive due to genetic variability 
in the virus itself and technical factors [253]. It has also been suggested 
that isolation of SARS-CoV-2 in CSF may be challenging because of rapid 
CSF clearance, low titers or delayed sampling [33,37,254]. Further, CSF 
SARS-CoV-2 PCR testing is not 100% specific for intrathecal virus, in 
part because a sample can be contaminated from shed airborne virus or 
blood contamination [255]. The CSF RBC count was only available for 
8/17 (47%) patients we identified who had a positive SARS-CoV-2 CSF 
PCR, one of whom had a CSF RBC count of 1,685 with a CSF WBC count 
of 11 cells/μL, which may indicate the CSF SARS-CoV-2 PCR was falsely 
positive due to a traumatic lumbar puncture [26–29,153,164,180,184, 
195,199,204,224,225,227,236,238,241]. The SARS-CoV-2 PCR can also 
be falsely positive if there is a pre-analytical error [256]. The process by 
which CSF SARS-CoV-2 PCR was evaluated varied and this information 
was not always provided, so we did not delineate the testing technique 
for each patient who had CSF SARS-CoV-2 PCR testing performed in this 
review; however, it is important to note that the sensitivity and speci
ficity varies between tests. 

Data on the Ct was only available for 2/17 (12%) patients with a 
positive CSF SARS-CoV-2 PCR, and they both had a high Ct (37.12, 
37.52 and 36.44 for one patient and 34.29 for the second (whose posi
tive result was not reproducible)), which is indicative of a low viral load, 
though the author of another report on a patient with a positive CSF 
SARS-CoV-2 PCR noted that a cycle threshold of 35 was the cutoff for a 
positive SARS-CoV-2 PCR [26–29,150,164,180,184,195,199,204,224, 
225,227,236,238,241]. While many labs use a cutoff of 40 to consider a 
test positive, some classify a Ct of 37-40 as indeterminate [157,257]. 
Accordingly, when Eden et al. repeated CSF SARS-CoV-2 PCR testing for 
three patients who had a Ct of 37-40, they found no evidence of SARS- 
CoV-2 RNA in the CSF [157]. 

There was considerable variability in the CSF WBC count of patients 
we identified who had a positive CSF SARS-CoV-2 PCR [26–29,150,164, 
180,184,195,199,204,224,225,227,238,241]. There were 2 patients 
who had a CSF WBC count >1,500 cells/μL, 90% of which were neu
trophils [199,241]. Viral encephalitis is typically characterized by a CSF 
lymphocytic pleocytosis, while a neutrophilic pleocytosis is generally 
associated with a bacterial infection, but a retrospective review of 182 
patients with confirmed viral infections in the CNS found that 25% had 
CSF neutrophilic pleocytosis [258]. However, it is worth noting that the 
patient reported by Mardani et al. had hypoglycorrhachia (CSF glucose 
of 10 mg/dL when blood glucose was 162 mg/dL) and a tracheal aspi
ration culture that grew Klebsiella pneumoniae in conjunction with her 
neutrophilic pleocytosis which raises the questions of whether 1) she, in 
fact, had culture negative meningitis and 2) her CSF SARS-CoV-2 PCR 
was a true positive [199]. On the other end of the spectrum, there were 6 
patients with a positive CSF SARS-CoV-2 PCR who had a CSF WBC count 
of only 1-5 cells/μL, 2 with “no pleocytosis” and 2 with a CSF WBC count 
of 0 cells/μL [150,153,180,195,204,224,225,236,238]. Absence of 
pleocytosis in general, and acellular CSF in particular, is atypical in the 
setting of viral encephalitis [259,260]. However, there have been re
ports of patients without pleocytosis who had a positive CSF PCR for 
Enterovirus, Echovirus, Adenovirus and Herpes and CSF can be acellular 
in the early stages of herpes encephalitis [259,261]. Nonetheless, it is 
also feasible that the patients with acellular CSF had a false-positive CSF 
SARS-CoV-2 PCR, particularly given that for one patient, this was the 
only means employed to diagnose COVID-19 since a rapid COVID-19 test 
was negative and no other PCR or serologic testing was performed 
[262]. However, 5 of the other 16 (31%) patients with a positive CSF 
SARS-CoV-2 PCR also had negative nasopharyngeal swabs, though one 
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had positive serum SARS-CoV-2 antibodies [26–29,153,164,180,184, 
195,199,204,225,227,236,241]. Chest imaging was consistent with 
viral pneumonia for 2/5 (40%) patients who were only diagnosed with 
COVID-19 based on a positive SARS-CoV-2 PCR in the CSF 
[26,150,153,184,241]. Domingues et al. postulated that SARS-CoV-2 
may be more persistent in the CNS because it is an immunoprivileged 
site [153]. 

Serological testing for viruses may have a higher sensitivity and 
specificity than PCR testing, but like PCR testing, the sensitivity and 
specificity among serological tests vary [263,264]. The mere presence of 
antibodies in CSF is not indicative of antibody synthesis in the CSF, as 
antibodies, or the cells that secrete them, can be transmitted to the CSF 
via a damaged blood-brain barrier or a traumatic tap [31,265,266]. The 
presence of CSF SARS-CoV-2 antibodies, oligoclonal bands or elevated 
CSF IgG is notable, but measuring IgG synthesis or comparing CSF and 
serum IgG or oligoclonal bands can help facilitate a distinction between 
intrathecal synthesis of antibodies and transudation of antibodies 
through a damaged blood-brain barrier [25,43,119,127,193,231]. 
However, it is important to note that evidence of intrathecal antibody 
synthesis based on oligoclonal band or immunoglobulin analysis in this 
patient population does not elucidate the type of antibodies being syn
thesized, so it is feasible some patients had intrathecal synthesis of an
tibodies other than SARS-CoV-2 antibodies, such as antibodies to myelin 
or autoimmune antibodies [169,171,205]. Song et al.’s finding that anti- 
SARS-CoV-2 antibodies in the CSF of six patients had different epitope 
specificity compared with antibodies in the serum, suggesting that there 
are compartment-specific immune responses, is provocative and war
rants further investigation in a larger cohort and consideration about 
how or if this finding can be used translationally [231]. 

Although CSF testing of biomarkers is not universally available, we 
identified 57 patients who had CSF biomarkers measured, 45 (79%) of 
whom had elevation of at least one CSF biomarker suggesting the 
presence of inflammation, axonal injury, gliosis and Alzheimer-type 
pathologic changes [10,24,25,30,31,98,111,119,128,135,136,149,157, 
165,182,191,205,215,217,227,231,236]. Interestingly, some of these 
patients had elevation of biomarkers in the CSF, but not the serum, 
which is similar to ICANS, the neurotoxicity that occurs after treatment 
with chimeric antigen receptor T-cell therapy [10,217,231]. While 
further data is needed, these findings suggest that there are 
compartment-specific immune responses to SARS-CoV-2 [231]. Further, 
Gigli et al. suggested that some patients may have a specific genetic 
predisposition to postinfectious inflammatory syndromes and associated 
intrathecal cytokine responses after COVID-19 [98]. Of course, it is 
imperative to recognize that elevated CSF and serum biomarkers is not 
clearly indicative of neuroinvasion as this can result from other mech
anisms such as hypoxic injury [267,268]. Additional research into 
treatment implications and the diagnostic and prognostic value of CSF 
biomarkers in patients with COVID-19 who have neurological symptoms 
is needed. 

Of course, this review of the neuroinvasiveness of COVID-19 and 
associated CSF changes is limited based on publication bias, in general, 
and our search methodology, in particular. There were two pre-print 
case reports of patients who had CSF testing by Xiang et al. and Cai 
et al. cited in reviews that we did not include in our discussion, as one 
was not accessible and one was not in English. However, both of these 
patients reportedly had a positive SARS-CoV-2 PCR in CSF [269,270]. 
Additionally, we noted three letters-to-the-editor that mentioned pa
tients in China who had positive CSF SARS-CoV-2 PCRs, but we did not 
include these cases as no details were provided; similarly Finsterer et al. 
mentioned an unpublished report of a patient in India with a positive 
SARS-CoV-2 PCR in CSF [271–274]. 

On the other hand, we excluded 1) documents that described cases in 
which CSF was obtained from a patient with COVID-19 who did not have 
neurological symptoms, such as a report by Bajwa et al. who described 
two patients with COVID-19 who had CSF collected during adminis
tration of spinal anesthesia [275]; and 2) those that provided cumulative 

CSF data for a series of patients, but did not include clinical details for 
individual patients. 

A number of cumulative analyses were published by authors in 
France [276–280]. We report these results here, but it is important to 
acknowledge that we believe it is very likely some of these patients were 
described in the case reports/case series included in our review. Further, 
as there are multiple cumulative analyses using data from one country in 
a brief time period, some of which have overlapping authors, we are 
unsure if any patients were included in more than one cumulative 
analysis. For example, our review includes 1) 15 patients that were 
described by Kremer et al. in a case series on patients with neurologic 
manifestations of COVID-19 who were admitted to 11 French hospitals 
from March 16 to April 9, 2020 and 2) 5 patients with COVID-19 and 
neurologic symptoms admitted to one French hospital between March 9 
and April 9, 2020 reported by Perrin et al. (on which Kremer was a co- 
author), but Kremer was also an author on two cumulative analyses 
[187,215,278,279]. In the first, Kremer et al. studied CSF results from 37 
patients with COVID-19 and neurological symptoms admitted to 16 
hospitals between March 23 and April 27, 2020 and found that 1/28 
(4%) had a positive CSF SARS-CoV-2 PCR, 14/31 (45%) had a high CSF 
WBC count, 11/31 (36%) had elevated CSF protein, 7/16 (44%) had 
elevated CSF IgG, 6/13 (46%) had oligoclonal bands with a mirror 
pattern, 2/6 (33%) had elevated CSF IL-6 and 1/6 (17%) had elevated 
CSF IL-10 [278]. In the second, Helms et al. evaluated CSF in 25 patients 
with encephalopathy admitted to 2 hospitals between March 3 and May 
5, 2020 and found that 1 (4%) had a positive SARS-CoV-2 PCR in CSF, 3 
(12%) had elevated CSF WBC, 8 (32%) had elevated CSF protein, 9 
(36%) had elevated CSF IgG, 15 (52%) had oligoclonal bands with a 
mirror pattern, 7 (28%) had elevated CSF IL-6 and 2 (8%) had elevated 
CSF IL-10 [279,280]. In another French series which includes over
lapping patients from the aforementioned reports, Meppiel et al. retro
spectively reviewed data from adult patients with COVID-19 who had 
neurological symptoms and were admitted to 46 hospitals in France 
from March 16 to April 27, 2020 and identified: 21 patients with en
cephalitis (defined as altered mental status lasting ≥24 h and either CSF 
WBC >5 cells/μL or compatible acute lesion on brain MRI) and found 
that 2 (10%) had a positive CSF SARS-CoV-2 PCR, 14 (67%) had a CSF 
WBC count >5 cells/μL and 12 (57%) had CSF protein>45 mg/dL; 36 
patients with COVID-encephalopathy (defined as altered mental status 
lasting ≥24 h that does not meet criteria for encephalitis and was not 
attributed to another toxic or metabolic etiology) who had CSF testing, 
none of whom had a positive SARS-CoV-2 PCR in CSF or a CSF WBC 
count >5 cells/μL, but 8 (22%) who had CSF protein>45 mg/dL; and 14 
patients with Guillain-Barré Syndrome who had CSF testing, none of 
whom had a positive CSF SARS-CoV-2 PCR, 1 (7%) who had a CSF WBC 
count >5 cells/μL and 8 (57%) who had CSF protein>45 mg/dL [277]. 
Lastly, Destras et al. described the results of a retrospective screen of CSF 
samples obtained between February and May from 555 patients (23 of 
whom had COVID-19 diagnosed by respiratory PCR) at one hospital in 
France that demonstrated only 2 patients had a slightly positive CSF 
SARS-CoV-2 PCR (with Ct of 32 and 35); both of these patients died and 
their brain biopsies showed no evidence of viral invasion, prompting the 
conclusion that the CSF was contaminated by blood [276]. 

In addition to these reports from France, cumulative CSF results from 
patients with COVID-19 have been described by other authors, a few 
examples of which are noted here [224,281–283]. Espindola et al. 
analyzed the CSF of 58 patients in Brazil with COVID-19 diagnosed via 
nasopharygneal SARS-CoV-2 PCR who had a variety of neurological 
complaints and found: 10 (17%) patients had a CSF WBC count >5 cells/ 
μL (median 2 cells/μL (interquartile range (IQR) 1–4 cells/μL); 16 (28%) 
patients had CSF protein >45 mg/dL (median 35 mg/dL (IQR 25.8-48 
mg/dL); 2 (3%) patients had detectable SARS-CoV-2 RNA in the CSF 
(one with persistent headache and one with acute disseminated 
encephalomyelitis); 3/38 (8%) patients had oligoclonal bands restricted 
to the CSF consistent with intrathecal IgG synthesis, 4/38 (11%) patients 
had matched CSF and serum oligoclonal bands while 31/38 (82%) 
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patients had no oligoclonal bands; and median CSF neurofilament light 
chain was 1,694 pg/mL (IQR 1,091–3,358 pg/mL) and median CSF tau 
was 318.3 pg/mL (IQR 173-457.4 pg/mL) [281]. 

Neumann et al. also published a cumulative analysis of CSF data from 
30 patients with COVID-19 admitted to six hospitals in Germany from 
March to June 2020 [282]. There were two patients with a CSF WBC 
count >8 cells/μL, one who had herpes encephalitis and one who had an 
intracranial hemorrhage. CSF protein was <200 mg/dL for all patients. 
CSF SARS-CoV-2 PCR was negative for all patients. Although the patient 
with herpes encephalitis had unique oligoclonal bands in the CSF, the 
remaining 24 patients who had testing for oligoclonal bands had 
matched or absent oligoclonal bands. 

In a review of the neurological manifestations of COVID-19 observed 
in a hospital in Italy from February 23 to April 30, 2020, Rifino et al. 
noted that 2/21 (10%) patients with encephalopathy had a positive CSF 
SARS-CoV-2 PCR (details on one patient were provided so he is included 
in our review) and 0/8 patients with Guillain-Barré Syndrome had a 
positive CSF SARS-CoV-2 PCR [224]. 

Remsik et al. analyzed the CSF of 13 patients with cancer, COVID-19 
and neurological symptoms [283]. None of the patients had a positive 
CSF SARS-CoV-2 PCR. There was one patient who had antibodies to 
SARS-CoV-2, but the authors attributed this to breakdown of the blood- 
brain barrier. CSF biomarkers were obtained and compared to CSF 
biomarkers from 1) patients matched by age, cancer type and presence 
of brain metastases, 2) patients with ICANS and 3) patients with auto
immune encephalitis. The patients with COVID-19 had a significant 
accumulation of 12 inflammatory mediators in the CSF (IL-6, IL-8, IFN-γ, 
CXCL-1, CXCL-6, CXCL-9, CXL-10, CXCL-11, CCL-8, CCL-20, MMP-10 
and 4E-BP1), similar to the changes seen in patients with ICANS. 

The most definitive means to assess for viral neuroinvasion in pa
tients with COVID-19 is via neuropathology studies. In a review of 81 
postmortem neuropathological examinations, Al-Sarraj et al. concluded 
that it was difficult to parse out whether the findings were the result of 
viral neuroinvasion, hypoxia, multiorgan failure, cytokine storming, 
reduced immune response or strokes; they recommended the need for 
large-scale molecular and cellular investigations of brain tissue and CSF 
in conjunction with data on the neurological evaluation and neuro
imaging for each patient [284]. Notably, Paniz-Mondolfi reported the 
presence of SARS-CoV-2 identified in brain tissue via ultrastructural 
analysis and molecular testing despite a negative SARS-CoV-2 PCR in 
CSF [285]. 

It is important to note that CSF results can change over the course of 
a patient’s illness. This is evident in the results from some of the patients 
included in this review who had more than one lumbar puncture per
formed [10,14,25,45,51,53,74,135]. Although we documented the 
number of days between onset of symptoms of COVID-19 and develop
ment of neurological symptoms in Supplementary Tables 1 and 2, we did 
not indicate the number of days after onset of neurological symptoms 
that CSF was obtained. Further, the fact that CSF results were not ob
tained at a specific time point relative to development of neurological 
symptoms certainly impacts our results. It has previously been suggested 
that detection of viral neuroinvasion via a positive CSF PCR is highest 
when CSF is obtained 5 days after onset of neurological symptoms [286]. 

Additionally, CSF (particularly CSF protein) can be abnormal due to 
a number of etiologies other than COVID-19 which were not addressed 
herein. These include, but are not limited to, male sex, body mass index, 
diabetes mellitus, hypothyroidism, hypoparathyroidism, Cushing’s dis
ease, uremia, medications (such as phenytoin and phenothiazines) 
[287,288]. Elevated CSF protein has been observed in a wide range of 
neuropsychiatric disorders and we did not document past medical/ 
neuropsychiatric history for patients included in this review [288,289]. 
Further, though perspectives on the relationship between CSF protein 
and age vary, it has been suggested that CSF protein may increase with 
age throughout adulthood and we did not take age into consideration 
when we reviewed CSF protein [287–290]. 

Finally, it has been postulated that viruses in the CSF of patients with 

neurological disorders can sometimes be bystanders, rather than caus
ative agents of disease, so a positive SARS-CoV-2 PCR or evidence of 
intrathecal antibody production does not definitively indicate neuro
invasion is responsible for a given constellation of symptoms [291]. In a 
review of 43 brains postmortem, Marschke et al. found that the presence 
of SARS-CoV-2 did not seem to be associated with the severity of neu
roimmune activation [292]. 

5. Conclusion 

Neurological symptoms in patients with COVID-19 can be attributed 
to hypoxic-ischemic injury, stroke, toxic-metabolic changes, a para
infectious or post-infectious inflammatory response or direct neuro
invasion. Based on this review of 430 patients with COVID-19 who had 
neurological symptoms and CSF studies performed, detection of viral 
neuroinvasion via CSF SARS-CoV-2 PCR or evaluation for intrathecal 
antibody synthesis is rare. Though data is limited, CSF biomarkers may 
have diagnostic, therapeutic and prognostic benefit in patients with 
COVID-19 who have neurological symptoms. Additional research and 
postmortem studies are needed. 
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case report and review of literature, Front. Neurol. 11 (2020) 909. 

[20] S. Abdi, A. Ghorbani, F. Fatehi, The association of SARS-CoV-2 infection and 
acute disseminated encephalomyelitis without prominent clinical pulmonary 
symptoms, J. Neurol. Sci. 416 (2020) 117001. 

[21] M.A. Abdulsalam, A.J. Abdulsalam, D. Shehab, Generalized status epilepticus as a 
possible manifestation of COVID-19, Acta Neurol. Scand. 142 (4) (2020) 
297–298. 

[22] D. Abel, M.Y. Shen, Z. Abid, et al., Encephalopathy and bilateral thalamic lesions 
in a child with MIS-C associated with COVID-19, Neurology 95 (16) (2020) 
745–748. 

[23] M.J. Abenza-Abildúa, S. Novo-Aparicio, R. Moreno-Zabaleta, et al., 
Encephalopathy in severe SARS-CoV2 infection: inflammatory or infectious? Int. 
J. Infect. Dis. 98 (2020) 398–400. 

[24] Z. Affes, E.J. Bouvard, P. Levy, C. Dussaule, G. Grateau, J.P. Haymann, COVID-19 
presenting with confusion: an unusual but suggestive electroencephalography 
pattern of encephalitis, J. Clin. Neurophysiol. (2020), https://doi.org/10.1097/ 
WNP.0000000000000795. 

[25] H. Alexopoulos, E. Magira, K. Bitzogli, et al., Anti-SARS-CoV-2 antibodies in the 
CSF, blood-brain barrier dysfunction, and neurological outcome: studies in 8 
stuporous and comatose patients, Neurol. Neuroimmunol. Neuroinflamm. 7 (6) 
(2020), e893. 

[26] T. Moriguchi, N. Harii, J. Goto, et al., A first case of meningitis/encephalitis 
associated with SARS-Coronavirus-2, Int. J. Infect. Dis. 94 (2020) 55–58. 

[27] G. Novi, T. Rossi, E. Pedemonte, et al., Acute disseminated encephalomyelitis 
after SARS-CoV-2 infection, Neurol. Neuroimmunol. Neuroinflamm. 7 (5) (2020) 
e797. 

[28] L. Duong, P. Xu, A. Liu, Meningoencephalitis without respiratory failure in a 
young female patient with COVID-19 infection in Downtown Los Angeles, early 
April 2020, Brain Behav. Immun. 87 (2020), 33. 

[29] Y.H. Huang, D. Jiang, J.T. Huang, SARS-CoV-2 detected in cerebrospinal fluid by 
PCR in a case of COVID-19 encephalitis, Brain Behav. Immun. 87 (2020), 149. 

[30] A. Panariello, R. Bassetti, A. Radice, et al., Anti-NMDA receptor encephalitis in a 
psychiatric Covid-19 patient: a case report, Brain Behav. Immun. 87 (2020) 
179–181. 

[31] K. Benameur, A. Agarwal, S.C. Auld, et al., Encephalopathy and encephalitis 
associated with cerebrospinal fluid cytokine alterations and coronavirus disease, 
Atlanta, Georgia, USA, 2020, Emerg. Infect. Dis. 26 (9) (2020) 2016–2021. 

[32] L. Dixon, J. Varley, A. Gontsarova, et al., COVID-19-related acute necrotizing 
encephalopathy with brain stem involvement in a patient with aplastic anemia, 
Neurol. Neuroimmunol. Neuroinflamm. 7 (5) (2020), e789. 

[33] M. Ye, Y. Ren, T. Lv, Encephalitis as a clinical manifestation of COVID-19, Brain 
Behav. Immun. 88 (2020) 945–946. 

[34] R. Bernard-Valnet, B. Pizzarotti, A. Anichini, et al., Two patients with acute 
meningoencephalitis concomitant with SARS-CoV-2 infection, Eur. J. Neurol. 27 
(9) (2020) e43–e44. 

[35] T. Parsons, S. Banks, C. Bae, J. Gelber, H. Alahmadi, M. Tichauer, COVID-19- 
associated acute disseminated encephalomyelitis (ADEM), J. Neurol. 267 (10) 
(2020) 2799–2802. 

[36] H. Afshar, Z. Yassin, S. Kalantari, et al., Evolution and resolution of brain 
involvement associated with SARS- CoV2 infection: a close clinical – paraclinical 
follow up study of a case, Mult. Scler. Relat. Disord. 43 (2020) 102216. 

[37] L. Zanin, G. Saraceno, P.P. Panciani, et al., SARS-CoV-2 can induce brain and 
spine demyelinating lesions, Acta Neurochir. 162 (7) (2020) 1491–1494. 

[38] N.S.R.A. Karimi, N. Rouhani, Frequent convulsive seizures in an adult patient 
with COVID-19: a case report, Iran. Red. Crescent Med. J. 22 (3) (2020), 
e102828. 

[39] A. Filatov, P. Sharma, F. Hindi, P.S. Espinosa, Neurological complications of 
coronavirus disease (COVID-19): encephalopathy, Cureus 12 (3) (2020), e7352. 

[40] P.S. Espinosa, Z. Rizvi, P. Sharma, F. Hindi, A. Filatov, Neurological 
complications of coronavirus disease (COVID-19): encephalopathy, MRI brain 
and cerebrospinal fluid findings: case 2, Cureus 12 (5) (2020), e7930. 

[41] N. Poyiadji, G. Shahin, D. Noujaim, M. Stone, S. Patel, B. Griffith, COVID-19- 
associated acute hemorrhagic necrotizing encephalopathy: CT and MRI features, 
Radiology (2020) e119–e120. 

[42] L. Dogan, D. Kaya, T. Sarikaya, et al., Plasmapheresis treatment in COVID-19- 
related autoimmune meningoencephalitis: case series, Brain Behav. Immun. 87 
(2020) 155–158. 

[43] D. Andriuta, P.A. Roger, W. Thibault, et al., COVID-19 encephalopathy: detection 
of antibodies against SARS-CoV-2 in CSF, J. Neurol. 267 (10) (2020) 2810–2811. 
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[68] D. Águila-Gordo, J. Manuel Flores-Barragán, F. Ferragut-Lloret, et al., Acute 
myelitis and SARS-CoV-2 infection. A new etiology of myelitis? J. Clin. Neurosci. 
80 (2020) 280–281. 

[69] S.M. Baghbanian, F. Namazi, Post COVID-19 longitudinally extensive transverse 
myelitis (LETM)-a case report, Acta Neurol. Belg. (2020) 1–2. 

[70] U. Chakraborty, A. Chandra, A.K. Ray, P. Biswas, COVID-19-associated acute 
transverse myelitis: a rare entity, BMJ Case Rep 13 (8) (2020) e238668. 

[71] C.C.N. Chow, J. Magnussen, J. Ip, Y. Su, Acute transverse myelitis in COVID-19 
infection, BMJ Case Rep. 13 (8) (2020) e236720. 

[72] M. Durrani, K. Kucharski, Z. Smith, S. Fien, Acute transverse myelitis secondary to 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2): a case report, 
Clin. Pract. Cases Emerg. Med. 4 (3) (2020) 344–348. 

[73] H. Kaur, J.A. Mason, M. Bajracharya, et al., Transverse myelitis in a child with 
COVID-19, Pediatr. Neurol. 112 (2020) 5–6. 

[74] C. Maideniuc, A.B. Memon, Acute necrotizing myelitis and acute motor axonal 
neuropathy in a COVID-19 patient, J. Neurol. (2020) 1–3. 

[75] D. Sarma, L.A. Bilello, A CASE report of acute transverse myelitis following novel 
coronavirus infection, Clin. Pract. Cases Emerg. Med. 4 (3) (2020) 321–323. 

[76] V.C. Shaw, G. Chander, A. Puttanna, Neuromyelitis optica spectrum disorder 
secondary to COVID-19, Br. J. Hosp. Med. 81 (9) (2020) 1–3. 

[77] H. Valiuddin, B. Skwirsk, P. Paz-Arabo, Acute transverse myelitis associated with 
SARS-CoV-2: a case-report, Brain Behav. Immun. Health 5 (2020), 100091. 

A. Lewis et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0060
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0060
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0060
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0065
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0065
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0065
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0070
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0070
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0070
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0075
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0075
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0080
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0080
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0085
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0085
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0085
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0090
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0090
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0095
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0095
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0100
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0100
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0100
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0105
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0105
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0105
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0110
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0110
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0110
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0115
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0115
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0115
https://doi.org/10.1097/WNP.0000000000000795
https://doi.org/10.1097/WNP.0000000000000795
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0125
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0125
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0125
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0125
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0130
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0130
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0135
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0135
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0135
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0140
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0140
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0140
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0145
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0145
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0150
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0150
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0150
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0155
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0155
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0155
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0160
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0160
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0160
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0165
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0165
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0170
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0170
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0170
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0175
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0175
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0175
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0180
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0180
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0180
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0185
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0185
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0190
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0190
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0190
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0195
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0195
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0200
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0200
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0200
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0205
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0205
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0205
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0210
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0210
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0210
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0215
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0215
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0220
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0220
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0225
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0225
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0230
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0230
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0235
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0235
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0240
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0240
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0240
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0245
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0245
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0250
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0250
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0250
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0255
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0255
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0260
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0260
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0265
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0265
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0265
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0270
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0270
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0270
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0275
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0275
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0280
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0280
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0280
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0285
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0285
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0290
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0290
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0290
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0295
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0295
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0295
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0300
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0300
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0300
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0305
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0305
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0305
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0310
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0310
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0310
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0315
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0315
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0315
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0320
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0320
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0320
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0325
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0325
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0325
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0330
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0330
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0335
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0335
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0340
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0340
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0340
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0345
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0345
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0350
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0350
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0355
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0355
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0360
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0360
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0360
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0365
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0365
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0370
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0370
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0375
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0375
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0380
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0380
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0385
http://refhub.elsevier.com/S0022-510X(21)00009-5/rf0385


Journal of the Neurological Sciences 421 (2021) 117316

21

[78] A. Zachariadis, A. Tulbu, D. Strambo, A. Dumoulin, G. Di Virgilio, Transverse 
myelitis related to COVID-19 infection, J. Neurol. (2020) 1–3. 

[79] S. Zhou, E.C. Jones-Lopez, D.J. Soneji, C.J. Azevedo, V.R. Patel, Myelin 
oligodendrocyte glycoprotein antibody-associated optic neuritis and myelitis in 
COVID-19, J. Neuroophthalmol. 40 (3) (2020) 398–402. 

[80] M.A. Abbaslou, M. Karbasi, H. Mozhdehipanah, A rare axonal variant of guillain- 
barre syndrome as a neurological complication of covid-19 infection, Archiv. 
Iran. Med. 23 (10) (2020) 718–721. 

[81] R.M.C. Abrams, B.D. Kim, D.M. Markantone, et al., Severe rapidly progressive 
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